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ABSTRACT
This survey report has investigated the possibility of standard
low temperature detector(s) for use in upcoming cryogenically cooled
satellite and Space Shuttle Payloads. 'Ilese payloads operate from
.i kelvin to 300 Melvin. Standard detectors have been selected and
matching signal conditioning equipment has been specified. This equipment
will operate in a spacecraft environment and be compatible with the selected
detector, typical spacecraft voltages, typical spacecraft telemetry systems,
and the radiation encountered by a typical earth orbiting spate !ratft. Work
statements to better define and advance detector performance have
presented.
ii
FOREWORD
This survey report proposes standardized cryogenic thermometry
and signal conditioning hardware for satellite and Space Shuttle Payloads.
NASA's Technical Monitor was Mr. John Vorreiter. The detailed bibliography
included in the survey report was prepared by Mr. L. G. Rubin, National
Magnet Laboratory, Massachusetts Institute of Technology. Professor M. 0.
Thurston, Past-Chairman of the Department of Electrical Engineering, Ohio
State University consulted on signal conditioning state-of-the-art.
iii
tr -:bra ^ .a.Fai z	 _L s
.. :-.'u _	 c.^
TABLE OF CONTENTS
Page
1.	 INTRODUCTION AND SUMMARY ............................. 	 1
2.	 ADVANCES IN CRYOGENIC THERMOMETRY SINCE 1970......... 5
2.1 Backgroland ................................. 5
2.2 Resistance	 Thermometry ..................... 5
2.3 Diode	 Thermometry .......................... 8
2.4 Capacitance	 Thermometry .................... 10
2.5 Comparison of Resistance and Diode
Thermomet ry ................................ 13
3.	 RECOMMENDATIONS FOR STATE-OF-THE-ART STANDARD
TEMPERATURE SENSING
	
ELEMENTS ......................... 16
3.1 General......... ........................... 16
3.2 Type 1 'Temperature Sensing Element
Recommendations ............................ 16
3.2.1 Discussion ................................. 16
3.2.2 Options Considered and Not Recommended..... 18
3.2.2.1 Capacitance Temperature Sensing Element.... 18
3.2.2.2 Carbon Class 'Temperature Sensing Element... 18
3.2.2.3 Germanium and Platinum as Dual Units
Sensing	 Element ............................ 18
3.2.3 Unit Costs for Type 1 Sensing Elements..... 21
3.2.3.1 Qualification Unit Cost Estimate Includes.. 21
3.2.3.2 Unit	 Cost	 after Qualification .............. 21
1 .0
iv
Page
3.3 Type 2 and Type 3 Temperature Sensing
Element Recommendations .................... 22
3.3.1 Discussion ................................. 22 ,r..
3.4 Unit Costs for Type 2 and Type 3 Sensing `wa
Elements ................................... 22
3.4.1 Qualification Unit Cost Estimate Includes.. 22 '.,.
3.4.2 Unit Cost after Qualification .............. 22 =`r
TEMPERATURES	 R CRYOGENIC  .4.	 REQUIREMENT	 FO 	 DETECTOR '
SIGNAL
	
CONDITIONERS .................................. 24
4.1 General .................................... 24 y±
nti
L',4.2 Signal Conditioner for Type 1 Temperature
Detector	 Element ........................... 24
4.2.1 Discussion ................................. 24 w' f
4.2.2 Options	 to	 be	 Considered ................... 26
4.2.2.1 Multiple	 Input Signal	 Conditioner.......... 26
4..; Signal Conditioner for Type 2 and Type 3
Temperature Detector Elements .............. 26
4.3.1 Discussion ................................. 27
4.4 Development Required for Signal
Conditioners ............................... 27
4.4.1 Discussion ................................. 27
4.4.2 Basic Specifications for Signal
Conditioners for Use with Type 1, Type 2,
and Type	 3	 Detectors ....................... 28 ;-'z4
4.4.2.1 Comments on Listed Specifications.......... 28
4.4.2.2 Specifications for Type 1 Signal 'k
Conditioner (For Use with Type 1
Detectors) ................................. 28]
0
u
o
Page
4.4.2.3 Type 2 Signal Conditioner (For Use
with Type 2 and Type 3 Detectors).........	 29
4.5	 Development and Unit Costs for Type 1
and Type 2 Signal Conditioners .............
	
30
4.5.1	 Comment ....................................
	 30
4.5.2	 Development and Qualification Cost for
Type 1 and Type 2 Signal Conditioners......
	 31
4.5.3	 Unit Cost after Qualification ..............
	
31
APPENDIX A ...........................................
	 A-1
APPENDIX B ...........................................
	 B-1
APPENDIX C ...........................................
	 C-1
APPENDIX D ...........................................
	 D-1
vi
B
0	 INTRODUCTION AND SUMMARY
This survey report includes the following:
(1) Review the advances in cryogenic thermometry that have taken
place since 1970.
(2) Review the status of cryogenic thermometry as it applies to
space applications.
(3) Review the requirements for cryogenic temperature detector signal
conditioners as they apply to space applications.
(4) Recommendation state-of-the-art standard temperature detector elements
and compatible potential space qualified signal conditioners to cover
the desired temperature ranges.
Estimate the qualification cost for the recommended state-of-the-art
detector elements and signal conditioners identified.
Estimate the anticipated unit cost after qualification of the state-
of-the-art detectors and signal conditioners identified.
Estimate the anticipated unit cost after development and qualification
of the advanced detectors and signal conditioners identified.
(5) Identify and define any technical development required for either the
temperature detector elements or the matching signal conditioning
equipment, which would result in an advanced detector and signal
conditioner.
Estimate the development and qualification cost of the advanced
detector elements and signal conditioners identified.
Type 1, 2, and 3 detector requirements are defined graphically and mathematically
in Figures 1, 2, and 3. Silicon Diode Temperature Sensing Elements are
recommended for Type 1 requirements and Germanium Resistance Temperature Sensing
Elements are recommended for Type 2 and Type 3 requirements. This selection
required two basic signal conditioners; one for Type 1 and one for Type 2 and
Type 3 applications. Internal set points on the signal conditioners allow the
use of a "Universal" design which can be adjusted for the specific temperature
range or application.
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FIGURE 2: Type 2 Temperature Sensing Element Performance.
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02.	 ADVANCES IN CRYOGENIC THERNfOM[ETRY SINCE 1970
.1 Background
Cryogenic thermometry has significantly changed within the last decade, and
in particular since 1970, due to the introduction of several new cryogenic
temperature sensors. The result is that, perhaps for the first time, more
than one type of thermometer can be considered for most applications. The
purpose of this section is to discuss these recent advances in thermometry
with regard to thermometer characteristics.
Cryogenic thermometry can be organized into approximately seven categories:
1. Resistance Thermometry
2. Diode Thermometry
3. Capacitance Thermometry
4. Thermocouples
S. Gas, Vapor-Pressure, and Acoustic
6. Paramagnetic and Nuclear ,Magnetic
7, Other Methods of Thermometry
Thermometry
Resonance Thermometry
This section concentrates on recent advances in the first three types of
thermometers; resistance, diode and capacitance. These appear to cover the
major interest for most cryogenic applications (actually all of these
thermometers have usable sensitivity over most of the temperature range
between 2 and 400 kelvin). 'Those readers interested in other thermometers,
as well as the entire field of thermometry, are referred to "Temperature, Its
Measurement and Control in Science and Industry", Volume 4 and for a detailed
review of cryogenic thermometry, in particular to a review paper by
Lawrence G. Rubin.
2.2 Resistance Thermometry.
Perhaps the two best known low temperature thermometers in use today are the
platinum and germanium resistance thermometers. Acceptance of platinum and
germanium resistors as secondary standards over certain portions of the
temperature scale by the United states National BuxLau of Standards and other
national standards laboratories has made them universally popular, resulting
in an extensive amount of literature on their use as thermometers.
Because neither resistance thermometer can cover the temperature scale between
2 and 400 kelvin, both become necessary for full range (2 - 400 K) readout
and control. An Advantage of the platinum thermometer is its relatively
linear response above 50 kelvin coupled with the straightforward calibration
covering this temperature range utilizing 3 or 4 fixed temperature points.
Germanium resistance th^rmometers, on the other hand, have rather complex
resistance versus temperature curves resulting in the necessity of calibrating
7	 S.
the thermometer over its entire range. 	 Furthermore, interpolation is cumber-
I
some because of the maxima and minima which occur 'in the first derivative
of the resistance versus temperature curve.
An appreciable amount of work has been performed to determine the character-
istics of commercial carbon resistors. 	 These resistors are useful below
20 kelvin, but do suffer from the serious drawback of lack of reproducibility
when compared to the germanium and platinum resistance thermometers. 	 It is ^.
particularly important that they not be excessively heated after calibration.
They are also adversely affected by the presence of water vapor, solvents,
and thermal cycling but, because of their low cost, they are still in use
today for low-accuracy thermometry and temperature control.
A new resistance thermometer was reported in December of 1972. 	 This thermometer
has a monotonic resistance - temperature characteristic between 1 and 400 kelvin f:
with a large sensitivity at low temperatures {e.g., R77/R300 = 2 and R4.2/R300 =
100 to 200} and a relatively small resistivity of 0.7 ohm-cm at 300 kelvin.
The material i s a carbon - impregnated glass (called carbon glass): 	 The host
{{
glass is a phase-separable alkali-borosilicateo- glass which has been treated to
form an alkali-and-boron-rich phase and a silica-rich phase. 	 Acid-lea,.hing of
the phase-separated glass removes the alkali-and-boron-rich phase. 	 Contacting 14'	 {
the porous glass with acetophenone and sulfuric acid prodL ces an acetcphenone-
and-sulfuric acid-impregnated glass. 	 Heating the impregnated glass under
nonoxidizing conditions causes the decomposition of the ac.et,ophenor.c to carbon
and the consolidation of the glass. 	 This results in carbon filame , its being ,,	 f
threaded throughout the porous glass. 	 The material is then cut in •tn a four
lead structure which is presently encapsulates! in a manner similar to the
germanium resistance thermometer.
Figure 4 shows the resistance temperature characteristics of platinum, germanium, a
carbon, rhodium-iron, and carbon-glass resistors. 	 The relative sensitivities
of germanium, carbon, and carbon-glass are shown in Figure 5. 	 The carbon-glass
thermometer has very interesting possibilities of removing some of the drawbacks
associated with germanium.	 First, since its curve is monotonic to 400 K, it l
has extended range.	 Second, its derivative,	 (dR/dT),	 is also monotonic and I
interpolation should be considerably easier than that associated with germanium.
Third, the magnetic field dependence is not orientation dependent and the
equivalent temperature error in magnetic fields is quite small 	 (e.g., at 4.2 K, E
AT = -80 mK at 5 Tesla and	 AT = -0.14 K at 10 Tesla; at 77 K	 AT = 2.70 K at
10 Tesla).	 Fourth, the resistance temperature curves scale from unit to unit A
within a glass place (.1 K appears to be pos3ible) and possibly from one plate
to another as ir-orovements in manufacture of :he carbon-impregnated porous -
glass plates occur. 	 Indications are that Ri = bR j n" where b and m are
temperature-independent constants, with m very close to unity. 	 If R•	 {T}
represents a calibrated thermometer, this calibration can in princip^e be
transferred to a second unit Ri by a two-point method to determine b and m.
However, questions relating to the accuracy and reproducibility of such a
procedure must be deferred.
^.1
6.
s
11'^ J. 
♦ Z	
_.IA 1
 _r
	 YI	
'i	 - —,—i.^	 _—^	 4a'	
}} ..^;^ !F „k '.{	 _ lJ
 f	 f/.....w.u^'H-'.^
pa
Ida	
Pt
roZ
C
CG
101
G*
Rh^Fe
0I^ 1	 10	 1o0
Temperature, K
5
4	
CG
3
A
ae
V	 Ge
I
C
I
0 2	 in	 100	 Ado
ORIG^^ P ILIA Y
AGE is gook
FIGURE Q:
Resistance-temperature
characteristics of the
germanium (Ge), platinum (Pt)
(Ro=1380 ohms), rhodium-iron
(Rh-Fe), and carbon glass (CG)
resistors and an Allen Bradley
carbon (C) resistor (SG ohms,
31
 
IV.).
FIGURE S:
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The alloy of rhodium with 0.5 atomic percent iron has been investigated over
the temperature range from 25 mK to 300 kelvin. An anomalous temperature.
dependence is dominant below 40 kelvin; at higher temperatures, the resistive
behavior tends to that of the pure metal. For a 45 ohm nominal resistance 	 E:
at the ice point, as the temperature approaches zero kelvin, the resistance
approaches a value between 2 and 3 ohms. The resistance rises approximately
as T2 between 0.040 and 0.1 K with a sensitivity of approximately 0.3 ohms
per degree at 0.1 K. At temperatures above 0.5 K, the sensitivity slowly
falls to a minimum value of 0.08 ohms per degree between 25 and 30 K with a
resistance of approximately 7 ohms. Above this temperature the sensitivity
first rises steadily to a maximum of 0.175 ohms per degree and then falls
slowly to 0.165 ohms per degree at the ice point. From 100 K to 273 K the
resistance temperature characteristic is linear to within ¢ 1 K.
Preliminary long term stability data indicates that the rhodium-iron thermometers
are reproducible to ±0.3 mK. Although the temperature resolution is not as good
as that of a correctly doped germanium thermometer, reproducibility is as good,
and interpolation between calibration points is easier.
2.3 Diode Thermometr
Interest in diode thermometry began in the early sixties when germanium, silicon,
and gallium arsenide diodes were investigated and reported in the literature as
possible cryogenic thermometers. An extensive amount of literature now exists
on the use of diodes and transistors as thermometers for use at room temperature	 L'
and down to cryogenic temperatures. The gallium arsenide diode thermometer was
introduced commercially in 1966 with the silicon diode thermometer becoming
available in late 1972. The diode thermometer makes use of the fact that, 	 a
under conditions of constant forward current, the forward voltage drop of the
diode junction increases with decreasing temperature. This forward voltage 	 {
drop is somewhat current-sensitive and polarity of the voltage leads must be
observed. The equipment needed to determine temperature using a diode
thermometer consists of a constant-current source (normall y 10 microamperes),
a very high impedance voltmeter such as a digital or differential voltmeter,
and a calibration curve or table for that particular diode.
The gallium arsenide (GaAs) diode has two principal advantages over resistance
thermometry; first, its wide temperature range (1 to 400 K) .Ind, second, its
relative magnetic field insensitivity (when compared to germanium resistance
thermometry). For example, in the temperature range from 2 to 40 K, the
apparent temperature error for a GaAs thermometer is approximately 0.1 K in
a magnetic field of 2 T (20 kilogauss). This error increases to between
0.6 and 1 K for magnetic fields of 4 T.
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Both of these advantages have been eliminated with the introduction of the
	 '{
carbon-glass resistance thermometer and the silicon diode thermometer.,-,Typical
response curves for the diode thermometers are shown in Figure 6 with their`'
temperature voltage sensitivity shown in Figure 7. Note the minimum in
sensitivity between 10 and 20 kelvin for the gallium arsenide diode. Alsoa'
note the dotted curve at low temperatures in Figure 7 which shows the
sensitivity of the first gallium arsenide diodes reported by Cohen, et al.
Th.r major difference in low temperature sensitivity of the two gallium
arsenide types is due to the material parameters associated with the bulk
starting crystal. This low sensitivity of the gallium arsenide diode below
30 kelvin compared with the extremely high sensitivity for the silicon diode
over the same temperature range has substantially reduced the importance of
the gallium arsenide diode as a low temperature thermometer. In addition,
above approximately 30 K, the change in forward voltage is almost linear
with the change i51 temperature to above 400 K. The silicon diode thermometers
have another advantage over gallium arsenide diode thermometers in that it is
possible to match the silicon diodes to better than I K within the range from
30 to 400 K and to 0.1 K at 4.2 K. The result is that the silicon diode is
able to match or exceed the gallium arsenide diode in all but one characteristic,
its magnetic field sensiti-ity. Typical sensitivity below 28 kelvin is SG mV/K
for the silicon diodes.
	 {'
2.4 Cauacitance Thermometr
An increasingly important application of thermometry is in the area of
temperature measurement in magnetic fields. Detailed data of commercially
available thermometers and the effect of magnetic fields on their characteristics
has been carefully researched and reported. Until the introduction of the
capacitance thermometer in 1971, electrical temperature sensors such as
resistors, diodes, and thermo-electrics all exhibited magnetic field errors.
The capacitance thermometer is unique in that it is presently the only electrical
magnetic field independent thermometer. The capacitance thermometer developed
by Corning Glass has been tested in fields to 18 Tesla with magnetic field
induced errors no greater than 1 millikelvin being observed. This is to be
expected since displacement current is not magnetic field dependent.
the capacitance thermometer is made by forming an aluminosilicate glass from
a melt of the refractory oxides SrO and TiO, )
 together with the solvent Si02
and the modifier Al 203. Upon rapid quenching of the melt, a stable glass can
be formed. If this glass is then reheated under controlled conditions, the
perovskite SrTiO3 is crystallized resulting in a glass-ceramic which has a.
large temperature-dependent dielectric permittivity at cryogenic temperatures,
Xr = 200. The capacitor bare elements are 51-layer structures, I x 2 x 5 mm,
with 0.025 mm-thick dielectric layers separated by Au-Pt plates, Silver leads
are attached with a fired-on silver paste, the unit is glazed with a
devitrifying glaze and then sealed into a platinum can with a low melting
glass to complete the thermometer fabrication. A platinum can was chosen since
its thermal expansion closely matches that of the glass-ceramic.
10.	
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The capacitance-temperature (C-T) curve for a typical unit is shown in'l
Figure 8.	 The C-T curve displays a maximum near 65 kelvin which has been [.^
shifted from approximately 35 Melvin by appropriate doping of the glass-
ceramic and glass-chem-i stry techniques.	 In addition to shifting the
permittivity peak towards 77 kelvin, an anomalous 'knee' which occurs near
10 kelvin is reduced to the point where it is barely perceptable in the
above C-T data.	 Above 100 kelvin the capacitance approximately follows a
Curie-Weiss law C+aC(T - To)- 1 , up to nearly 500 kelvin where the ac
conductivity of the material begins to increase rapidly.
	 Except for a small
temperature region near 100 K, the maximum sensitivity for the capacitance
thermometer occurs in the nearly linear temperature range from 1 to 5 kelvin
(approximately 250 pF/K for the unit of Figure 8). 	 Although the loss tangent
is monotonic over the range where the capacitance maximum occurs, for most
applications, the thermometer must be considered to be unusable near the
peak in the C-T curve.	 The loss tangent of the thermometer is approximately
2% from 1 to 10 kHz and decreases with decreasing temperature below 50 kelvin.
Therefore, self-heating is not only small, but decreases with decreasing
temperature, which is the inverse of what occurs for most resistance and diode
thermometers.	 For example, the self-heating of a capacitance thermometer at
5 kHz and 8 mV (rms) is approximately 100 picowatts at 20 kelvin and 50
picowatts at 2 kelvin. I
Repeatability tests originally reported by Lawless indicated that there is a
small "aging" of the capacitor with time under isothermal conditions. This
small aging effect occurs whenever the glass matrix is spatially perturbed,
either by thermal expansion, or by electrostrictive coupling to the micro-
crystals, or by warming or cooling across the 65 kelvin transition temperature.
The magnitude of the aging effect can vary from as much as .5 K to 1S mK at
1 kHz (from sensor to sensor) and decreases with increasing frequency to an
extrapolated value below 1 mK at 500 kHz. The dielectric constant is also
somewhat electric field strength dependent. Therefore, rms voltages less
than 50 mV should be applied to the thermometer to avoid both a reduction in
the apparent capacitance and to minimize aging effects.
For temperatures somewhat below the maximum in capacitance, curve fitting has
indicated that a simple fourth order expansion in T(C) yields an excellent
empirical fitting equation from 0.1 to 50 kelvin.
Below 1 kelvin, the 1100-type capacitor described above is monotonic in
capacitance from 0.1 to 65 kelvin, and a 1200-type, monotonic from 50 mK to
10 kelvin. Both may be useful due to the small amount of self-heating and
their reasonable sensitivity. The 1100 and 1200 designations refer to the
crystallization temperature. Both thermometers display an unexpected increase
in capacitance with decreasing temperature below their monotonically decreasing
ranges, and in the case of the 1100-type, C OCT-1.
The capacitor's basic strength is as a temperature transfer standard or
control element in the presence of strong magnetic fields.
12.
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2.5	 Comparison of Resistance and Diode Thermometry
It is somewhat difficult to quantitatively compare the sensitivities of
resistance thermometers to diode thermometers because of the very different
:3.
characteristics of the two types of thermometers.	 Sinclair, et al. has
' attempted to compare them by considering the change in the static resistance
of the diode thermometer with temperature as is done with resistance
thermometry, i.e.,	 (1/R)	 (dR/dT).	 This is of little use, however, since it
is not the static resistance of the diode thermometer which is measured as
a function of temperature.
Perhaps a better means of comparison, but certainly with its own drawbacks,
is to consider the voltage sensitivity with changes in temperature at a
constant current for each thermometer. 	 For the case of diode thermometers,
the current is usually chosen to be 10 microamperes. 	 For resistance
thermometry, the power input into the sensor is normally a limiting factor.
Due to the poor thermal coupling of the strain-free mounting used for
-+ germanium resistance thermometers, the range would be 10- 8 to 10- 5 watts,
depending on the temperature. 	 For most platinum sensors this may be increased
to 10-4 watts.	 Currents are chosen to be compatible with this criterion.
Under these conditions, the sensitivity can be expressed as dV/dT = I dR/dT
(in mV/K)
The sensitivities of the germanium, platinum and carbon-glass resistance
rn thermometers are plotted in Figure 7 for the constant currents indicated.	 To
avoid confusion, the carbon resistance thermometer is not shown since its
characteristics are quite similar to that of the carbon-glass resistance
thermometer as can be seen from Figure S.
If full range is understood to extend from 1 to 300 K (or 400 K) then the only
full-range thermometers which qualify are the diode thermometers and possibly
the carbon-glass resistance thermometers. 	 As can be seen from Figure 7,
carbon-glass has quite low sensitivity near room temperature,
4S.
A highly desirable property for a thermometer is constant sensitivity over
the full temperature range, unless one is taking data which is dependent on
reciprocal temperature, for which it might be more appropriate to have a
{
thermometer with sensitivity proportional to 1/T. 	 Obviously, none of the
cryogenic thermometers shown in Figure 4 have this property although the
diode thermometers and the platinum resistance thermometer are fairly linear
from 100 to 400 K.	 Over this range, the silicon diode increases in
sensitivity by about 10% while the platinum resistance thermometer decreases
its sensitivity by about the same amount. 	 Even though the sensitivities of
,: the diode thermometers are approximately three times that of the platinum
4
resistance thermometer, this could result in a somewhat misleading conclusion.
For the platinum thermometers shown, the significant parameter I/R dR/dT,
r i.e., the percent change in resistance per kelvin has a worst case change of
0.3% per kelvin.	 For the diode thermometers over the same 100 to 400 K range,
is the voltage change is approximately 3 millivolts per kelvin. 	 For a voltage
range of 0.8 to 0.1 for silicon (1.2 to 0.35 volts for gallium arsenide),
r
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this again results in a normalized worst case change of 0.3% per kelvin. VA
Therefore, the choice of a thermometer for this temperature range must rest
on other parameters; e.g., low temperature sensitivity, thermometer package
size or configuration, requirement for a secondary standard, magnetic field
sensitivity, ability to match more than one thermometer, cost, thermal response
of the package, number of leads required, simplicity of instrumentation, etc.
Below 100 K all the thermometers considered in this paper are extremely non-
linear so that linearity cannot be a consideration in the choice of a thermometer
to a very large extent. It is obvious, of course, that resistance thermometers
are considerably more non-linear than diode thermometers. However, the extreme
sensitivity of the resistors is at the low temperatures where high sensitivity
is most often desired. Therefore, once again, the choice of a thermometer is
based on other considerations, such as those mentioned for the 100 to 400 K
range.
Comparing the two diode thermometers in this temperature range is quite
straightforward. If the thermometer is to be used in a magnetic field below
30 K, then gallium arsenide will continue to be the choice. If magnetic fields
are not a consideration, however, then the silicon diode is preferable. It
should be remembered, of course, that the obvious choice of a sensing element
in a magnetic field, at least for control, is the capacitance thermometer.
Selecting a resistance thermometer is not quite as simple. If a secondary
standard is desired, the choice must be the germanium and platinum resistance
thermometers over their respective temperature ranges. If cost is the
dominant factor or use in magnetic fields at low temperatures, then the carbon
glass resistance thermometer has merit. The only wide range (1 to 400 K)
resistance thermometers are carbon glass and rhodium-iron. However, due to
the physical size of the rhodium-iron resistor, its use as a possible standard
may be of most interest.
The sensitivity of the resistance thermometers and the silicon diodes are
both quite high at the lower temperatures. This makes it possible to observe
changes of less than 1 mK with both types of thermometers.
The silicon diode, however, retains its high sensitivity to nearly 30 K, which
makes it attractive as a sensor for temperature control applications.
Temperature controllers are also available for both resistance and capacitance
thermometers.
Research on the temperature scale is continuing at a steady pace in several
national laboratories. Currently, both rhodium-iron and carbon glass are under
evaluation and it is possible that one or both may, sometime in the future,
be accepted as secondary standards together with germanium and platinum over
the cryogenic temperature range.
14.
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Q	 The increased demand for diode thermometry in laboratory and industrialenvironments was the basis for the introduction of the silicon diode with its
improved sensitivity. It is now clear that this improved sensitivity below
30 K has caused the gallium arsenide diode to be replaced in almost all
applications other than those involving magnetic fields. Even here the gallium
arsenide diode may lose out since the carbon glass thermometer covers the same
temperature range with an apparent temperature error (at 4.2 K and 5 Tesla)
which is 10 times smaller than that of GaAs (= 80 mK for carbon-glass).
a
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	3.	 Recommendations for State-o£-the-Art Standard Temperature Sensing Elements i
	3.1	 General
The requirements for temperature sensing elements set forth in Figures 1, 2, and
3 give the desired accuracy for currently identified spacecraft requirements.
Fortunately, it appears reasonable to expect that future unidentified require-
ments should not exceed these performance levels.
Unfortunately, no single sensing element can meet all the requirements. In fact,
the defined requirements in Figure 2 below approximately 2 K are currently beyond
state-of -the-art. Figure 3 requirements can marginally be met. Figure 1
requirements are state -of-the-art and can be met with a single detector. These
observations assume that the temperature scale meets the requirements. This is
not the case.
The currently defined temperature scale modified by the soon to be announced
EPT-76 will giv,_ a certainty of the temperature scale for Type 2 and 3 .requirements
of 1 to 3 mK from . 3 to 4.2 K.
Neither of the above constraints of sensing element sensitivity or temperature
scale definitions consider the practical limitations of matching signal
conditioners and their effect on the final temperature measuring and controllin'rP	 g	 g
sub-system accuracies.
These recommendations, therefore, are based on the considerations of the best E
choice for the requirements.
	
3.2	 Type 1 Temperature Sensing Element Recommendations
The silicon diode temperature sensing element is recommended for 'Type 1 work.
3.2.1 Discussion
Ample evidence exists that verifies properly designed and packaged silicon diode
temperature sensing elements meet or exceed the Type 1 stability requirements.
This sensing element, introduced in late 1972, currently is used in nearly 50%
of the scientific and laboratory applications. This rapid market penetration
has resulted in better understanding the use parameters of the sensing element
than any other sensing element has enjoyed over the equivalent number of
introductory years.
a^
Advantages of the sensing element include:
a. Essentially immune to shock and vibration
b. Full range sensing detector element: 1 to 380 K
c. Sensitivity increases with decre,ising temperature
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d. Broad customer acceptance
e. Easily calibrated
f. Single excitation current
g. Output signal is several mV per K allowing use of state-of-the-art
digital readout electronics
h. Proven stability
i. The most versatile in packaging of any sensing element.
Disadvantages include:
a. Relatively new - 6 years
b. Not a secondary standard - The response of a diode is not the result
of an intrinsic material property such as capacitance or resistance
c. Must be curve fit in a manner similar to germanium
d. Radiation sensitivity is unknown.
LJ	 3.2.1.1 Siliwn Diode Temperature Sensing, Element Radiation Resistance
Radiation resistance for silicon diode temperature sensing elements is not
known. Although extensive radiation damage literature exists on diodes,
transistors, and integrated circuits, the criteria for failure is considerably
different from temperature sensing elements. For this reason, consideration
must be given to determining an appropriate upper limit of total dose on
silicon diode temperature sensing elements.
3.2.1.2 Stability Testing of Temperature Sensing Elements
With the possible exception of wire wound temperature sensing elements, every
element described in this survey report must be subjected to intensive stability
testing. Appendix B and Appendix C describe satisfactory performance and
testing acceptance specifications for recommended Type 1, Type 2, and Type 3
sensing elements.
The literature is replete with reports on the requirements for dip stability
testing of germanium sensing elements. It is now generally accepted that ten
dip cycles from room temperature to liquid helium is sufficient to determine
the stability characteristics with almost every temperature sensing element.
Data and statistics taken at the factory of the authors of this report show the
same is true for carbon glass and silicon diode temperature sensing elements. It
is now clear that the yield will vary from 30 to 50% under optimum conditions
when the test procedures in Appendixes B and C are followet:. This was not
recognized to be necer-sary in the case of the silicon diode :tensing element until
late 1976. Further, during the initial introduction of the ,ilicon diode sensing
element, certain not yet understood anomalies occasionally occurred which created
instabilities at approximately 13 t i K. Again, specificat%ons in Appendix B
removes this chance for instability.
u
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It has long been rec:,nized that the majority of the heat leak into and out
of the germanium temperature sensing element was through the leads. The
realization that the effect was equal or even more important for some package
configurations for the silicon diode temperature sensing element was not obvious
until sufficient experience had developed in its use. The result was that for
these packages, significant temperature errors resulted until enough history
was accumulated on the various packages so that appropriate installation
instructions could be determined.
In summary, when the requirements of Appendix B are met and the installation
procedures regarding lead installation are proper, the silicon diode temperature
sensing element can meet the requirements of the Type 1 temperature sensing
element. It is important to note that this good installation practice is
similarly required for all other temperature sensing elements.
3.2.2	 options Considered and Not Recommended
3.2.2.1 Ca acitance Temperature Sensing Element
This sensing element has two major flaws. First and most important, it is not
stable from temperature cycle to cycle. Secondly, the temperature response
curve has a reversal at 65 K making that temperature region useless.
3.2.2.2 Carbon Glass Temperature Sensing Element
This sensing element is enjoying a rapidly increasing acceptance as a replacement
for germanium, particularly in magnetic field applications. The stability at
4.2 K is as good as germanium, but the best that can be guaranteed at 77 K is
50 mK. This further degrades to approximately . 1 K at room temperature.
This degraded stability at the higher temperatures has not affected the
usefulness of the sensor in the prime use area noted above.
The selection of carbon ,glass temperature sensing elements would present circuit
complications in signal conditioner design due to the need to switch excitation
current. The remaining options are sufficiently better that these elements are
not recommended.
3.2.2.3 Germanium and Platinum as Dual. Units Sensing Element
Two years ago this option would have been chosen. Data and operational
experience available in 1975 and 1976 for silicon diode temperature sensing
elements was not sufficient to offset the conservative approach that choosing
platinum for temperatures above 40 K and germanium for temperatures below 40 K
would require.
1.3
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The 40 K crossover region for use is significant. A comparison of the relative
sensitivity of germanium resistance temperature sensing elements and platinum	 j
resistance temperature sensing elements would suggest that 25 K is the better	 }
choice as the sensitivities are essentially equal at this temperature. The
40 K temperature is, however, a practical choice and is defined by the
availability of reasonably sized platinum resistance temperature sensing
elements. A review of the reasons for this observation are in order. f
There are several types of platinum resistance temperature sensing elements
available, but they fall roughly into two classifications. Industrial Grade 	 j
Q
	
	 platinum resistance temperature sensing elements are produced in the United
States by the tens of thousands annually and can be used to maintain a
calibration to about ±0.01 K at the best. Available from several manufacturers, 	 :. a
their cost is on the order of $100.00. "Standard" platinum resistance
{L^4
	
	 temperature sensing elements are more carefully constructed and, with proper
treatment, will hold a calibration to better than 10.001 K below the triple
point of water. Standard platinum resistance temperature sensing elements are,
of course, more appropriate for laboratory maintenance of IPTS-68. They are
produced by two companies in the United States, by one in England, and by one
in Japan and cost about $1400.00 uncalibrated.
.:	 a
In order to adequately maintain a calibration of IPTS-68, a standard platinum
resistance temperature sensing element must satisfy some general requirements:
the resistor must be made from very pure, annealed platinum wire on a strain-free
insulating support; to guarantee sufficient purity, the ratio of resistance at
1000C to that at O°C must exceed 1.39250; upon thermal cycling over the usual
range, the resistance at O°C, R(0), must return to within 4 ppm of its original
value; the resistor is to be constructed as a four lead element and is to be
hermetically sealed in a protective sheath; and leakage conductances of the
insulating support and the hermetic seal should be less than 4 x 10 -7
 R(0) - 1
Within these general constraints, however, choice of insulating support material
(mica, alumina, sapphire, fused silica), sheaths (platinum, stainless steel,
borosilicate glass, or fused quartz), gas inside the hermetic seal (HO and 02
or dry air), geometry of winding (coiled or "birdcage"), length and diameter of
platinum wire is determined by the specific application.
The physical size of standard platinum resistance temperature sensing elements
varies as well, but they generally fall into two classes, a "long stem" variety
which is over 100 cm in length, and a much smaller "capsule" configuration
8 cm in length and 5.7 mm in diameter. Because of the much smaller size and
other construction differences, the "capsule" type standard platinum resistance
temperature sensing element is used in the cryogenic temperature region as
defined in this article. A typical capsule standard platinum resistance
temperature sensing element consists of a resistor with a value of 25 ohms at
OoC wound from 61 cm of 0.075 mm diameter wire contained in a platinum sheath
with about 1/3 atmosphere of He 4 gas with trace amounts of 0.2.
19.
Industrial grade platinum resistance temperature sensing elements are normally
me.nufactured from less pure platinum with the ratio of resistance at 100 0C to
that of 0oC of 1.385. The reduction in purity gives decreased sensitivity
with decreasing temperature but, more importantly, the stability decreases by
over an order of magnitude.
The most important consideration in considering platinum res:st ir ce: temperature
sensing elements is that the reputation enjoyed by standard :31atinum resistance
temperature sensing elements is by inference tied to indust r ial grade platinum
resistance temperature sensing elements. With the increase in use and improved
instrumentation available in the last decade, this key point has become obvious.
Degussa* literature suggests that tOC is the one year stability. A recent
intercomparison of the high q"ality miniature standard platinum resistance
temperature sensing elements has shown shifts of .2 K at 20 K, 40 mK at 30 K.
55 mK at 80 K. The DIN standard allows a ': K stability change in one year a 
OOC (this is about 1.2 K at 40 K).
The evidence has become increasingly clear that regular calibrations of platinum
resistance temperature sensing elements must be performed if they are to be used
to the level of their reputations.
With these considerations, advantages and disadvantages of germanium and platinum
resistance temperature sensing elements to cover Type 1 applications are listed:
Advantages include:
a,
a. Accepted secondary standards
b. Germanium is required for 'Type 2 and Type S requirements
Disadvantages include:
k	 ,
a. Large si z e with incumbent in flexibility in applications
b. Require multiple excitation currents
c. Lower signal levels
d. Lower speed of response
e. No poin-.. sensing
f. Increased cost
1.^
L.
*Degussa Corporation, 'Teterboro, New ,Jersey 07608 is the U.S.A. distributor
for the major West German PRT manufacturer of the same name.
t
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aa3.2.3	 Unit Costs for Type 1 Sensijig Elements
3.2.3.1 Qualification Unit Cost Estimate Includes:
a. Engineering charge of $500.00 for each encapsulation
configuration.
b. $125.00 for the silicon diode temperature sensing element
to be encapsulated.
C. $50.00 for assembly.
d. Calibration from 4 to 300 K: $765.00
e. Documentation Costs: $100.00
3.2.3.2 unit Cost after Qualification
a. $175.00 for encapsulated silicon diode temperature sensing
element
b. $265.00 for calibration
c. $100.00 for documentation
These unit costs can be expected to escalate at approximately 5% per year
assuming a reasonable national economy inflation rate.
21.
4	3.3	 T e 2 and Type 3 Temperature Sensing Element Recommendations
The germanium temperature sensing element is recommended for Type 2 and Type 3 wor;;.
3.3.1 Discussion
The germanium temperature sensing element is internationally recognized as a
secondary temperature standard. Recent testing has shown that stabilities of
less than h mK can be expected over the life of the sensing element.
There is only one exception to this statement. Considerable evidence is in the
literature reporting sudden shifts in calibration. These shifts are presumed
to be a result of shock and vary from i to as much as 10 mK at 4.2 K.
Fortunately, the largest shifts have been related to only one type of construction
(shown as Type C in Figure A-1. This construction is not accepted for secondary
standards.
The aforementioned stability does not meet Type 2 requirements and is marginal
for Type 3 requirements. It is reasonably certain that the single crystal
construction currently used will not allow improvement. In addition, no other
sensing element equals germanium resistance temperature sensing elements in
stability.
Acceptance test procedures for germanium resistance temperature sensing elements
are included in the appendices of this survey report.
	
3.4	 Unit Costs for Type 2 and Type 3 Sensing Elements
3.4.1 Qualification Unit Cost Estimate Includes:
a. Engineering charge of $500.00 for each encapsulation
configuration.
b. $125.00 for the germanium resistance temperature sensing
element to be encapsulated.
c. $50.00 for assembly.
d. Calibration from .3 to 4.2: $400.00
e. Calibration from 1.3 to 40: $195.00
f. Documentation Costs: $100.00
3.4.2 Unit Cost after qualification
a. $175.00 for encapsulated germanium temperature sensing element
b. $400.00 for calibration from .3 to 40 K
u
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c. $195.00 for calibration from 1.3 to 40 K
d. $100.00 for documentation
These, unit costs can be expected to o5cainto at approximately 5% per year
assuming a reasonable national economy inflation rate.
23.
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4.	 Requirements for Cryogenic Temperature Detector Signal Conditioners
4.1	 General
From the requirements for temperature detector elements set forth in Figures
1, 2, and 3, and the output signal characteristics of recommended Type 1,
2, and 3 temperature detectors, we arrive at specific input specifications
	 r„
for the signal conditioners,
Beyond the input characteristics dictated by the recommended temperature
detectors, consideration is given to the output characteristics desired and	 (f
the requirement that the output signal be compatible with standard spacecraft
telemetering systems. The desired output signal is the BCD equivalent of
temperature in the form of one or two 8 hit words.
Other design criteria which must be considered in the development phase of
the program shall include:
(1) Minimum size and weight
(2) Minimum power consumption
(3) Continuous long term operation (minimum lifetime approximately	 ^-
5 years)
(4) Radiation resistance (10 6 Rads)
(5) Differential temperature measurement capability	 H
4.2	 Signal Conditioner for Type I Temperature Detector Element
The signal conditioner for use with Type 1 temperature detector elements must
have an output accuracy versus temperature characteristic set forth in
Figure 1 when interfacing„ with a Type 1 detector element.
4.2.1 Discussion	 0
Due to the dV/dT versus T characteristics of the Type 1 detector elements
(silicon diodes) and the accuracy versus temperature requirements, two
critical points exist which shall determine the minimum input voltage
sensitivity and accuracy requirements for the Type 1 signal conditioner.
The two critical points are at 6 kelvin, where the diode sensitivity is
approximately 55 mV/K, requiring a .009 K temperature accuracy; and at 40
kelvin, where diode sensitivity is approximately 2.45 mV/K, requiring a
0.1 K accuracy.
At 6 kelvin, a voltage resolution of 0.52 millivolts is required and at
40 kelvin, the resolution must be 0.25 millivolts. With the diode output
levels of 2.35 volts at 4.2 kelvin and 1.07 volts at 40 kelvin, the signal
conditioner must resolve 0.13 mV out of 2.36 volts and .06 mV out of 1.07
volts at 4.2 kelvin and 40 kelvin, respectively.
24.
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In determining the signal conditioner input resolution, a factor of four has
been used to account for system induced errors.
Constant current excitation is required for Type 1 detectors with the optimum
excitation level being 10 microamperes. Due to the true diode characteristics
of Type 1 detectors, the accuracy and stability requirements for the current
source are relaxed over that required for resistive type detectors. To
Q
achieve the required accuracy, current source stability of 0.05% is required.
To meet the above objectives, the signal conditioner must interface with the
temperature detector element via a four lead connection. Constant current
excitation of the detector will be supplied on one wire pair and the voltage
output signal will be sensed on the second pair.
The input impedance of the signal conditioner must be high (1000 megohms or
greater) and shall be accomplished by using an input amplifier stage with a
gain of approximately 2. The input amplifier shall serve two additional
purposes. First, it will provide input/output and power isolation of the
detector from the rest of the system. Secondly, it will provide sufficient
gain to input the signal to a state-of-the-art analog-to-digital converter
of sufficient resolution and accuracy to maintain system goals.
The digitized signal can then he proce4 z-rd by a microprocessor to produce a
BCD output equivalent to temperature. The RCA C ►lOS unit and Texas: Instrument
a
	
	
12L unit, both. MIL-SPEC versions, are currently being flight qualified and
should be considered for this application.
To achieve the desired accuracy and resolution, it will be necessary to
store calibration data for the specific detector in the signal conditioner.
This will be done by programming a PROM from the actual detector calibration.
The output signal generated by the microprocessor will bo stored as two
8 bit words unit addressed by the craft telemetering system.
The required accuracy and necessary data handling will limit the cycle time
to between 10 and 20 readings per second using current state-of-the-art
electronics.
Power requirements are estimated to be 50-100 milliamneres at 28 volts d.c.
It is expected that the signal. conditioner can be designed so that the complete
package will be approximately l`- inches by 2 !
-
, inches by 4 inches and weigh
approximately 12 ounces.
fl
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4.2.2	 Options to be Considered
4.2.2.1 Multiple Input 5ignal Conditioner
The signal conditioner described in Section 4.2.1 is ideally suited for
experiments requiring only a single point measurement. However, it is not
considered likely that many experiments will require only one temperature
measurement point.
The incorporation of more than two or three single channel signal conditioners
will in many cases be prohibitive in size, weight, and cost, particularly in
satellite born experiments.
It is therefore important to consider signal conditioners capable of handling
as many as te. separate Type 1 detector inputs.
In the multichanneled version of a Type 1 signal conditioner, much of the
circuitry can be shared with all inputs. Required additions to the signal
conditioner described in Section 4.2.1 will include:
(1) An input multiplexer circuit
(2) Additional PROM's to store individual detector calibration data
(3) Additional output signal storage
(4) Additional internal programming to properly sequence input
selection, linearization and output storage.
With current state-of-the-art electronics, it should be possible to build a ten
channel signal conditioner with only a very small sacrifice in package size,
weight, and power consumption, while still maintaining high system accuracy.
Depending on how the multiple inputs are handled, it may be possible to vary the
bandwidth of individual channels and thus allow one to achieve very high
temperature resolution over a narrow temperature span.
The biggest disadvantage of a multichannel signal conditioner will be the
necessary reduction in sample rate. This reduction in sample rate is due to
the finite time necessary to perform the relatively complex calculations in
the microprocessor required to linearize the detector output with high
precision. For a ten channel signal conditioner, the sample rate will be
one-tenth the rate for a single channel unit or one to two readings per second
4.3	 Signal Conditioner for Type 2 and Type _3 Temperature Detector Elements
The signal conditioner for use w.	 2 and Type 3 temperature detectors
must have accuracy versus temperatur- -aaracteristics as set forth in Figures 2
and 3, respectively.
1	 '
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4.3.1 Discussion
Signal conditioners for use with Type 2 and Type 3 detector elements will be
quite similar to the signal conditioner required for Type 1 detectors with
three significant differences. These differences are:
(1) Gower D.C. current source .xcitation level - one microampere as
opposed to 10 microamperes fax 'Type 1 detectors.
(2) Signal conditioners for Type ^ and Type 3 detectors will require
higher current source tab:'ity, at least .02S% stability.
(3) Input voltage sensitivity must be significantly higher. .1 micro-
volts in the worst case versus 60 microvolts worst case for Type 1
detectors.
The above differences apply primarily to signal condition rs for Type 2 detectors
as the Type 2 detectors require considerably higher accr ;,..y than Type 3
detectors. The Type 1 sensors will require a D.C. measui, :.,ient and it is assumed
that a D.C. measurement circuit will be used in the Type 2 signal conditioner.
Since a signal conditioner designed for Type 2 detectors more than meets the
requirements for Type 3 detectors, further discussion shall be limited to
signal conditioners for 'Type 2 detectors.
The lower current source excitation level (1 microampere) required for Type 2
detectors combined with the required current source stability (0.025%) is at
best at the current state-of-the-art and considerable emphasis must be placed
on this parameter in the development program. however,
	 semiconductor
technology improving at a rapid pace, it is expected that the stringent
specifications can be met in the time frame of the proram.
To achieve the input voltage sensitivity required, ulke input amplifier gain
must be approximately 200 or higher. Though an amplifier with a gain of 200 is
not a problem, maintaining the necessary amplifier stability does represent
an area which will require attention in the development of the signal
conditioners.
As mentioned previously, the signal conditioners required for Type 2 and Type 3
detectors will be quite similar to signal conditioners for Type 1 detectors and
this similarity will include the size, weight, and power requirements.
4.4	 Development Required for Signal Conditioners
4.4.1 Discussion
Though no signal conditioners are currently known to exist which meet the
requirements for the recommended detectors, no basic technological development
work is expected to be required to meet the specifications outlined above.
8
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It will be necessary, however, to develop a complete instrumentation package
which will perform all of the necessary £unctions while operating in a satellite
or space shuttle environment with the high degree of accuracy desired.
4.4.2	 Basic Specifications for Signal Conditioners for Use with Type 1,
Type 2, and Type 3 Detectors
4.4.2.1 Comments on Listed Specifications
The specifications listed below are complete only to the extent that they
specify the basic requirements for:
(1) Type of detector with which the signal conditioner must interface
(2) Output characteristics desired
(3) Realistic power requirements
(4) Realistic size and weight restrictions
Prior to initiating a full scale development program, complete specification
goals or limits must be arrived at and will depend on such parameters as:
(1) Types of launch vehicles used
(2) Power supply characteristics
(3) Actual required lifetime
(4) Environmental conditions such as temperature, pressure/vacuum,
radiation, etc.
(5) Compatibility with other system instrumentation
(6) Radiation resistance requirements
4.4.2.2 Specifications for Type 1 Signal Conditioner (For Use with Type 1
Detectors)
Input Channels: 1 to 10
Input Voltage Range: 0.3 to 2.5 volts,
Input Resolution: 0.06 millivolts
Input Impedance: 1000 megohms or greater,
28.
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aDetector Excitation:	 10 microampere constant current
Current Source Stability:	 10.05%
Output:	 Serial BCD, two 8 bit words equivalent to absolute
temperature in kelvin
Logical 0:	 -1.0 to +1.0 volts
Logical	 1:	 +3.8 to	 +5.5 volts
Source Current at either logic state:	 -10 to +10 microamperes
Capacitive Drive Capability: 	 1500 picofarads
Sampling Rate:	 8 bit bursts at 32.I68 kbps ±1$
Data Capacity:	 8 bits per read envelope, two 8 bit words per data
set required
-Supply Power:	 +28 + 2.8 volts d.c.
Supply Current:	 50-100 milliamperes maximum
L!
Size:	 I II inches by 2 !j niches by 4 inches
Weight:
	 12 ounces
Lifetime:	 5 years at rated performance
4.4.2.3 Type 2 Signal Conditioner (For Use with Type 2 and 'Type 3 Detectors)
Input Channels: 1 to 10
Input Voltage Range: 1 to 10 millivolts
Input Resolution: 0.1 microvolts
Input Impedance: 1000 megohms or greater
Detector Excitation: 1 microampere constant current
Current Source Stability: ±0.025%
Output: Serial BCD, two 8 bit words equivalent to absolute temperature
in kelvin
1.1
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Logical 0: -1.0 to +1.0 volts
	 LI
	
{^
Logical l: +3.8 to +6.0 volts 
J
Source Current at either logic state: -10 to +10 microampere.,;
Capacitive Drive Capability: 1500 picofarads
Sampling Rate: 8 bit bursts at 32.768 kbps tl'
Data Capacity: 8 bits per raid envelope, two 8 hit words per data
set requ.i red	 f 3
Supply Power: +28 ± 2.8 volts d.c.
Supply Current: 50-100 milliamperes maximum	 i
c
Size: P., inches by 2 1_ .inches by a inches
Weight: 12 ounces
Lifetime: 5 years at rated performance
4.5	 Development
 and Unit Costs for 'Type I and 'Type 2 Signal Conditioners
4.5.1 Comment
Since the 'Type 1 and 'Type 2 signal conditioners are essentially identical
except for input characteristics, current sourer level, and current source
stability, .it is recommended that a single development program be undertaken.
A single development program can produce both Type I and 'Type 2 signal:
conditioners without duplicating effort or incurring; duplicate startup, testing
and qualification costs. In addition, it appears likely that it sin)*lo signal
conditioner can he developed that satisfies both 'Type 1 and Type 2 requirements
with possibly one to five discreet component changes to convert a dual purpose
signal conditioner from 'Type I to 'Type 2 use or vice versa. The requirements
Cfor a Type 2 signal  conditioner are more stringent than for a Type I signal
conditioner. Therefore, a successful effort to develop and qualify a Type 2
signal conditioner essentially guarantees the development of the Type I unit.
The below estimated costs assume simultaneous development of 'Type 1 and Type 2	 4
signal conditioners.
30.
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4_.5.2	 Development and qualification Cost for Type 1 and Type 2
Signal Conditioners
The design and development of the dual purpose signal conditioner for use
with Type 1, 2, and 3 detectors will include the delivery of:
(a) One complete single channel signal conditioner for a Type 1
detector
(b) One complete single channel signal conditioner for 'Type 2 and
n 'Type 3 detectors
(c) One complete ten channel signal conditioner for Type 2 and
Type 3 detectors
Total estimated cost of the above: $89,000.00
4.5.3	 Unit Cost after Qualification
(a) Single channel signal conditioner for Type 1, 2, or 3 detectors
(b) Single channel signal conditioner fur Type 1, 2, or 3 detectors
in 50 to 100 piece quantities: 	 $2,800.00 per unit
(c) Ten channel
	 signal	 conditioner for Type 1,
	 2, or 3 detectors
in unit quantities:	 $6,900.00 per unit.
These unit costs can be expected to escalate at approximately 5% per year
assuming a reasonable atational economy inflation rate.
10
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APPENDIX A
Recommended Tachnical Development Programs for Temperature Sensing Elements
Recommended temperature sensing elements for Type 2 and Type 3 requirementsP	 g	 YP	 YP	 q
are the germanium resistance temperature sensing elements.
These elements are the most stable sensing elements available. However, it 3
is not obvious from recent data taken at CSIRO and at other national
laboratories that improvement in stability is probable utilizing current
construction techniques. The methods described in Appendix C defining
recommended testing
	 P	 gwill provide sensing elements with state-of-the-art 	
j
stability.
Experience gained in production of germanium resistance temperature sensing
elements has led to the conclusion that surface damage caused during element
t	 preparation, stress in the electrode to sensing element contact, and imperfect
contacts all contribute to these instabilities.
The three principle construction methods for germanium resistance temperature
sensing elements are shown in Figure A-I.
	
These construction details are
essentially identical to, or variations of, the original construction methods
_ developed in the early 1960 ' s.	 Configurations A and B are now accepted as
the best available.	 Configuration C does not appear to be sufficiently
stable because of the bar construction configuration and is not recommended.
The instabilities are of several types or apparent causes:
-' is a.	 Failure to reproduce the same absolute resistance at a fixed
temperature between temperature cycles in tests performed "in situ".
b.	 Failure to reproduce the same absolute resistance at a fixed
temperature between temperature cycles when subjected to mechanical
shock or vibration between temperature cycles.
c.	 Failure to reproduce the same absolute resistance at a fixed
temperature between temperature cycles when subjected to excessive
V"qA heating between temperature cycles.
d.	 Failure to reproduce the same absolute resistance at a fixed
4+^4; temperature between temperature cycles when subjected to excessive
excitation current between or during temperature cycles or during
operation.
failure include:Other sources of sensing element error or
iA
a.	 Complete failure of sensing element or loss of an internal contact
due to shock and vibration.
b.	 Errors caused by nuclear radiation damage or electromagnetic radiation.
.,
IF The literature does not quantify ary of the above sources of instability. 	 Efforts
.t, to improve stability by modifying six.- or general construction details similar
r<
Y
to configurations A and B have failed.
A-1
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FIGl1RL 1-1: Construction details of three commercially
available germa g ium temperature sensing elements.
F?^	 d	 -_	 Ji•
	-	 .2f	 ,R{e	 diy	 -.	 :3 	1	 s	 kc	 "f^	 x: ^..,
^	 v^	 'ter	 4 ^ R ^.A	 5	 i"!.i^	 4t '.^	 ?ter hW^4	 .,. r	 +i 	 ?'	 ^	 ^	 ^	 C^	 ^
Li
^
j'j]F.
	
^	 -	 ^	 ..	 ^^	 ^	 h
Proposal Number 1
1
i
Present germanium resistance temperature sensing elements provide sufficient
sensitivity and stability for the majority of space applications. This
condition will continue to exist so long as the requirements of controlling
a temperature with a typical precision of a millikelvin exist at temperatures
below 2 kelvin and from l to 10 millikelvin from 2 to 4 kelvin. Absolute
	 f
accuracies of less than .1% at 4 K scaling down to 10 at .1 K are also
compatible with the current state-of-the-art.
Germanium resistance temperature sensing elements have been successfully
utilized in prior space applications, but not to the precision and accuracies
required in the future and as set forth in this study.
In order to accurately ascertain the exact operational parameters that can
be expected for germanium resistance temperature sensing elements in the
space environment (and after the shock and vibration received during
launch),	 the following work statement is proposed.
(1)	 Select a group of at least 60 stable germanium resistance temperature {'
sensing elements with known 4.2 K resistances and perform a launch
profile of shock and vibration with 20 each mounted on the "x",
and "z" axis on vibration and shock machines. k
The vibration and shock testing should proceed as follows: -
A.	 Mount the 50 tested germanium resistance temperature sensing k
elements in a copper block designed with a liquid nitrogen l
cooling capability so that all vibration testing car, be I	 3
performed at liquid nitrogen temperatures.
B.	 Perform a brief functional and continuity checkout test to .:
verify test procedures and equipment.
C. Perf , ,rnt selected launch vehicle profile on sensors.
D. Repeat stability testing on all sensors.
E. Perform additional vibration testing at selected critical
frequency (ies) until an appropriate number fail.
F. Repeat stability testing on remaining sensors.
The stability testing outlined in this report is proposed for these
measurements.
This will give the expected change in absolute resistance and can be
expected to define the best accuracies that can be achieved for
experiments from 1.2 K to 40 K.
1^Sii'in^fc^^ :.
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(2) For experiments below 1.2 K, the above procedures should be followed
for stability. However, this reduced sensitivity oi' the germanium
resistance temperature sensing elements at 4.2 K requires that at
least Sad be calibrated at the use range against a fixed primary
standard SRM767, the NBS developed superconductive thermometric
fixed point device.
This will define the best accuracies that can be expected between
the .1 and 1.2 K use range.
Pages A-13, A-14, and A-15 are a report from Jet Propulsion Laboratory
on testing performed on germanium resistance temperature sensing
elements for a series of similar space applications where the
requirements do not appear to have been as rigorous.
I1
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COST ESTIMATE - PROPOSAL. 1
Part 1:
Item 1 - 60 each Tested germanium resistance temperature sensing
elements in GR-20OA-1500 and -2000 ohm configurations
	
$	 85.00 each =	 $ 5,100.00
Item 2 - Test block - design, machine, and install sensors. Fit
to a NASA supplied I.N2 circulation system at flexible
hose to block connection
2,500.00	 =	 2,500.00
Item 3 - Stability test after launch profile test
	
60 sensors at 40.00 each = 	 2,400.00
Item 4 - Stability test after critical frequency test
	
45 sensors at 40.00 each = 	 1,800.00
Item 5 - Estimates! GFE/NASA testing	 =	 5,000.00
'Total for Part 1 = $16,800.00
Part 2:
Item 1 - 60 each 'Tested germanium resistance temperature sensing
elements in GR-20OA-100 and -250 ohm configurations
$ 106.25 each = $ 6,375.00
Item 2 - 12 Calibrations with 5 sensors each against a SRM767 at two
temperatures:
Zinc at .844 K
n i
	
Cadmium at .515 h
	
600.00 each =	 7,700.00
Item 3 - Check calibrations as in Item 2 after launch profile test
	
12 calibrations at 600.00 each =
	
7,200.00
I N
IItem 4 - Estimated GFE/NASA testing -	 3,000.00
Total for Part 2	 $23,775.00
Note (a) As physical construction is essentially identical, the critical
frequency test is not recommended.
(b) The test block developed in Part 1 is to be used.
Optional Proposals:
1. I^^ the construction of germanium resistance temperature sensing elements,
acceptance and quality tests include stability; R at 4.2 K; R at 4.2 and
of 100 ohms; and parasitic resistances (determined as the two lead
1.5 for germanium resistance temperature sensing elements with R4 . 2 values 
pl
resistance divided by the four lead resistance) at room temperature,
77.4 K and 4.2 K. 4.2 K parasitics over 1.5 are rejected for standard 	
fJproduct.
Use of germanium resistance temperature sensing elements that meet all 	
IJrequirements except that the parasitic resistance ratio is extended from1.5 to 1.8 would save $25.00 per germanium resistance temperature sensing
element. It is recommended that no more than 500 of the germanium
resistance temperature sensing elements tested be relieved in this
	
IIi,
manner. Savings would be $25.00 each at 60 units = $1,500.00.
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Proposal Number 2
Although the germanium resistance temperature sensing element has been
commercially available since the early 1960's and has been accepted as a
secondary standard for the .5 to 30 K temperature range, every effort to
improve stability, uniformity, and reduce size have been unsuccessful.
The work in proposal Number 1 is expected to determine, for the first time,
the absolute accuracy that can be expected in the space environment. However,
it is apparent that this data will not meet the requirements of the future,
particularly below 4,2 K.
In the early 1960 1 s, a series of investigations were Started to develop
diffused germanium resistors. The experiments were not successful at that
time and the work was stopped.
Subsequent to this time, the state-of-the-art of semiconductor technology has
dramatically advanced. Recent efforts toward rile use of microcircuit techniques
for thermometers have shown real promise. It is now believed that with
state-of-the-art techniques, this approach will. generate a successful, improved
11^	 germanium resistance temperature sensing element. Diffu	 msed geranium resistance
temperature sensing elements should Allow better control over the R versus 'I'
characteristic as well as better uniformity and stability,
Preliminary investigations performed by Lake Shore Cryotronics in 1971" made
considerable progress. A well organized and thought out program should lead to
success in meeting the goals of small s.i::e, potentially greater uniformity, and
increased stability.
It would appear at first glance that a resistor made b y a sheet diffusion would
have to have an llllmall ageable
 
geometry to have the same. resistance at e..2 K as
that of a bulk device with the same doping. However, a diffused device consists
of an infinite number of resistors with different degrees of compensation in
parallel. 'Therefore, it is possible to make a diffused resistor with a favorable
geometry in which the different layers compliment each other to yield the proper
resistance versus temperature curve. Blakemore, herder, and Olson demonstrated
this fact experimentally in the mid 1900's by producing diffused Ge resistors
which reproduced the resistivit y -temperature characteristic of the uniformly
doped material very closely, as shown in Figure A-2.
There were problems, however, with the reproducibility of both the resistivity
from diffusion to diffusion (10 tr y 100 ohms per square) and of device: resistance
with repeated temperature cyclitig ( ± 0.005 K). A hydrogen stream flowing over a
metallic arsenic source was used in these diffusions, a process with an
inherently low degree of control. They also used a straight bar geometry with
four doped gold wires bonded to the bar along the long axis without any other
processing.
H
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FIGURE A-2: Temperature Dependence of Resistivity
for Arsenic-Doped Germanium. F3A is a
diffused resistor and GTH 10 is a
uniformly diffused bulk device.
A-8
vWe now know that, even with uniformly doped bulk resistors, this method of
contacting does not produce stable thermometers. Another problem was that the
critical concentrations of impurities occurred right at the surface in these
devices, with a high probability of surface related problems. Finally, the
	
F.1
	
	
technology current 	 at the time could not prevent the appearance of better than
1015 cm- 3 of copper atoms in the resistors, with unknown effects on the
resistivity and noise characteristics.
We believe that planar technology for non-silicon semiconductors has reached the
stage that significant improvements can be obtained over the diffused thermometers
made by Blakemore, et al. We have made some test diffusions of arsenic into
germanium wafers using new commercially available solid sources. These sources
give uniformity of resistivity of better than *5% across a wafer surface and
from diffusion to diffusion. The resistivities obtained have been in the range
desired for good thermometry. We have progressed to the point of overcoming
the tendency of the arsenic from these sources to aglomerate, causing surface
pits during diffusion and subsequent etching , steps. This is demonstrated in
Figure A-3. Figure A-3(a) shows a mesa resistor almost obliterated by etch
pits. In Figure A-3(b), it is obvious that the resistor itself is undamaged,
with the etch pits confined to the background, from which the resistor is
junction-isolated. These etch pits are probably due to dislocations present
in the crystal before diffusion.
The resistors from the diffusion shown in Figure A-3(b) were contacted by the
techniques used for bulk resistors and had the typical resistances listed in
Table I. This uata indicates that the planar resistors have more sensitivity
at higher temperatures than presently available sensors, a very favorable
result. It is expected that when planar technology is extended to the
contacts also, the stability of the final planar devices will greatly exceed
the }0.01 K (at 4.2 K) obtained using bulk contact technology.
Table I: Comparison of Typical Resistances
of Planar and Bulk Resistors
	
Bulk	 Planar Diffused
	
300 K
	
3 ohms	 20 ohms
	
77 K	 5 ohms	 70 ohms
	
4.2 K	 1000 ohms	 1000 ohms
A-9
a
0
O ^!7
pd t^
FIGURE A-3(a): A mesa resistor destroyed	 O;0	 FIGURE A-3(b): A later resistor free of major
by etch pits.	 d	 defects. The long dimension
	
(C']	 is about 0.035 inches. The
b	 current contacts will be at either
	
t^	 end of the bar with the voltage
	
^'yy~	contacts on the side-arms. The
	
►C	 equivalent length of a bulk device
would be about 0.170 inches.
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We propose to continue this work with the following objectives:
1. Develop low resistance, ohmic contacts to the diffused arsenic layer
to obtain parasitic resistances of less than 50% of the four lead
resistance.
2. Bury the arsenic layer by a second diffusion of the acceptor impurity.
'Phis should enhance stability, as will step 1 above.
3. Develop packaging and mounting techniques to enhance stability and
reliability.
4. Increase control of the doping processes in order to provide thermometers
with specific sensitivities at given temperatures to satisfy a wide
range of systems and applications.
t S. Carry out testing procedures as detailed in the cost statement.
i
COST ESTIMATE - PROPOSAL 2
Part 1:
Demonstrate pertinent functions and characteristics. Perform bread-board
testing in relevant laboratory environment.
(a) Sensing element manufacture	 $30,000.00
(b) Encapsulation and testing	 8,000.00
,Part 2:
Model test in an aircraft/spacecraft environment.
(a) Provide 60 packaged sensing elements	 51000.00
(b) Estimated GFE/NASA testing
	
5,000.00
(c) Stability test after GFE/NASA testing	 2,400.00
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aGermanium Resistor Thermometers Used in Space Environment (Rocket, Zero-G Aircraft)
D. Petrac and P. V. Mason
Jet Propulsion Laboratory
4800 Oak Grove Drive
Pasadena, California 91103
Encapsulated germanium resistor thermometers (GRT) were used by JPL in an
aerospace environment in an experimental superfluid cryostat aboard a ten minute
sounding rocket flight launched in May 1976 (JPL, LASL, GSFC, Sandia Lab). The
same package was flown on zero-G aircraft flights in March 1976, providing
45 periods of zero gravity lasting about 20 seconds each. In addition, we
utilized unencapsulated GRT's in the zero-G aircraft facility in 1977 and 1978
in a small superfluid cryostat in supporting studies for IRAS (Infrared
Astronomy Satellite).
1. Description of GRT
The GRT's were manufactured by CryoCal, Inc. In the rocket test we used the
types CR 1000. The single crystal bar of balanced-dopant germanium is supported
by four gold leads connected in a strain-free manner to a platinum-glass hermetic
seal. The sensing element is encapsulated within a gold-plated can with helium
gas for heat transfer. The diameter of the aFscmbly is 0.124" ,  length 0.435".
Outside electrical leads are 32 gauge copper leads with colored teflon for lead
identification. Four wire potentiometric measurements give resistance of the
order of 8 ohms at room temperature and 1000 ohms at 4.2 K (liquid helium). The
calibration reference is based on helium vapor pressure scale with an accuracy
of 3 mK. The accuracy of the resistance measurement is within 0.1%.
Exposed germanium elements, Type CR-1000, were also used with various stress
Free mountings.
2. Description of the Rocket Cryostat
The Rocket payload included a ruggedly-built superfluid cryostat (built by LASL)
with guarded shields cooled by vessels of helium ut 4.2 K and liquid nitrogen
(7" K). The superfluid vessel has a volume of about eight liters with an insert
(provided by JPL) carrying three smaller experimental volumes. Two encapsulated
w, GRT's were potted in the grooves at two different parts of this insert. In
4	
addition to GRT there were other types of thermometers and sensors aboard
(liquid-vapor sensors, carbon film thermometers, thermistors).
U11
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3. Description of Vibration Test_ Environment
Vibrational test environment consisted of sinusoidal and random vibrations.
Z-axis was along the GRT sensors. The details of these tests are presented in
the Appendix. The g levels measured during the launch of the rocket fall within
the tested values. The GRT performance was within calibration precision after
about 30 thermal cycles between room temperature and liquid helium.
4. Description of Performance of Temperature Sensors During End of Shake
The vibrational testing of the sensors and accompanying electronics was done
separately. The electronics package included resistors which simulated the
GRT values. We were interested in the calibration before and after the tests
and, in particular, the mechanical integrity of the experimental units in
which GRT were built. We have not detected calibration changes of the GRT
thermometers.
In a small stainless steel cryostat with windows for visual access for
experiments in zero-G aircraft, we used exposed germanium elements which were
mounted stress -free on the gold leads 0.002" diameter. The calibration was
performed in-house and the sensors were found to be very rugged once installed.
S. Readout Instrumentation During the Rocket Flight
The GRT were fed with constant current. The voltage difference in mV range was
amplified to the voltage levels required for the multichannel telemetry.
Additional voltage offset capability brought the amplified response of the
thermometers between 2.2 K and 1 . 5 K within the range of the telemetry, which was
between 0 . 5 volts to 5 volts. The average readout sensitivity dV/dT for the
desired temperature interval between 1.7 K and 2.2 K was SmV /mK. This sensitivity
Rives 5 to 10 mK accuracy.
Conclusions:
GRT sensors appear suitable for the aerospace environment, Specific applications
of the bare exposed elements do require testing of the sensor mountin g and
extreme care in appropriate calibration procedures in transfer to the specific
environmental conditions. Stabilit y and sensitivity of the processing electronics
must be appropriate in each specific case to satisfy the accuracy requirement.
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Environmental Vibrational Tests Performed at JPL
TABLE I
Sinusoidal Vibration
QUAL FA
Sweep Rate	 2 octaves/minute 4 octaves/minute
Axis levels	 4.5 in/second 10 - 144 Hz 3.0 in/second
10.5 gpk 144 - 2000 Hz 7.0 gpk
X Axis levels	 4.5 in/second 10 - 35 Hz 3.0 in/second
10.a gpk 35 - 105 Hz 7.0 gpk
7.5 gpk 105 - 2000 Hz 5.0 gpk
TABLE II
Random Vibration
2 A^L FA
Duration 40 seconds/axis 20 seconds/axis
Z Axis levels .113 g 2/Hz 25 - 2000 Hz 0.05 g2/Hz
X Axis levels 25 - 2000 Hz 0.03 g2/Hz
Wideband level
Z Axis 15.0 GRMS 10.0 GRMS
X Axis 7.6 GRMS
The final run was performed with Qual random excitation. For this case, the
unit was chilled with LN2 just prior to actual shake.
Z-axes is Environmental Test Equipment
60 KVA System/C126 and L335 Exciters
along the axes of the germanium
thermometer
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APPENDIX B
Performance and Testing Acceptance Specification: Silicon Diode Temperature
Sensing Element
1. Ratings:
A. Recommended Operating Current: 10 uA do
B. Operating Temperature Range: 1 to 400 K
C. Storage Temperature Range: 1 to 400 K
2. Weight: Determined and specified by configuration.
3. Encapsulation Material:
A. Determined and specified by configuration
B. Thermowells will be mass-spectrometer leak tested when required.
4. Inspection Lot: An inspection lot is a collection of units of the product
from which a sample is drawn and inspected to determine compliance with
the specified acceptance criteria.
A. Lot Characteristics: Each inspection lot shall consist of devices
whose diode chips are from the same wafer.
B. Lot Identification: Lot identification shall be maintained from the
time the lot is assembled to the time it is accepted.
C. Wafer Selection: The following evaluation will be conducted on each
wafer candidate (The supplier shall not be limited to this evaluation
and may conduct any other evaluation deemed necessary or beneficial
in selection of wafers for use in high reliability applications).
Twenty chips from the wafer candidate shall be assembled into a
standard TO-46 package. The packaged devices shall then be subjected
to the supplier's standard calibration procedure including
approximately 100 calibration points between 1.5 K and 380 K. The
minimum, maximum, and mean value of Vf at each calibration temperature
shall be summarized and compared to the forward voltage versus
temperature characteristic curve shown in Figure 2 herein. The
supplier shall select wafers which exhibit compliance to this
characteristic curve.
S. Forward Voltage (Vf) versus Temperavire Characteristic: Sensing element
supplied shall meet the requirements specified in Figure B-1 (at I f = 10 uA)
within the following limits of accuracy.
Temperature	 Vf Range
(K)	 (VDC)
4.2	 2.1 to 2.5
77	 0.979 to 0.989
296	 0.365 to 0.385
0
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6. Calibration Measurements: Calibration measurements shall be made in
accordance with the following requirements:
A. The parameter used for calibration shall be the forward voltage,
Vf, at a forward current, I f, of 10 uA.
B. Calibration measurements shall be made employing good measurement
and instrumentation techniques including: {
(1) A four-wire potentiometric circuit.
(2) Stabilization at calibration temperature.
(3) Stabilization at calibration current and using a regulated
current supply.
(4) The use of soc onaa ry standards.
C. All calibration measurements shall be made to a precision of t0.01 K
with respect to standards traceable to the National Bureau of Standards
or the National Physical Laboratory. The accuracy of calibration 	 ^f
measurements shall be t0.005 K at 4.2 K and ±0.02 K at 77 K at the
fixed points of LHe and LN2 , respectively.
D, Specific temperature points for calibration measurements shall be
selected by the manufacturer. The calibration measurement data
printouts supplied by the manufacturer may show temperatures above
5 K in whole degrees and in tenths of a degree for temperatures
below 5 K rather than the actual temperatures obtained at each point 	 t'
during calibration measurements, as long as the required specified
accuracy is obtained.	 f'
i
7. Marking: Sensing elements shall be individually packaged and each package
marked with the following information:
A. Procurement Reference Number
B. Date/Code Traceable to the Wafer
C. Manufacturer's Code Identification Number followed by a dash and
the Manufacturer's Part Number
D. Serial Number
8. Data Submittal: The following data shall be supplied with each device:
A. The data obtained during wafer selection (See Note 4C).
B. The calibration measurement data obtained during calibration
measurements (See Note 6D).
C. Calibration data of individual devices (See Note 9D).
All data shall contain the serial number of the device when applicable. 	 j
11 .
9. Quality Conformance Inspection: The manufacturer shall perform the
following examinations and tests prior to shipment of the devices. Failed
devices shall not be shipped.
A. Dimensions: Each device shall be examined to verify conformance to
specified configuration.
S. Hermeticity: Each device shall be stabilized in air at room ambient
temperature and then immersed in liquid nitrogen for 30 seconds
minimum. The devices shall then be removed from the liquid nitrogen
and immediately immersed in alcohol maintained at room ambient
temperature. Devices that emit bubbles shall be rejected.
C. Thermal Shock: Each device shall be stabilized in air at room ambient
temperature and then subjected to ten cycles of thermal shock, with a
cycle being conducted as follows: Immerse the device in liquid
nitrogen for 10 seconds minimum. Remove the device and immediately
immerse it in liquid helium for 30 seconds minimum. Remove the device
and place it under room ambient conditions for 10 minutes minimum.
Supplementary heat may be used to bring sensing element to room
temperature and reduce 10 minute warmup time. This completes one
cycle. During each cycle, measure Vf at If
 = 10 uA while the device
is immersed in liquid helium. Devices exhibiting excessive drift
shall be rejected.
D. Calibration of Individual Sensing Elements: All sensing elements
shall have been calibrated as follows:
Two devices from the line item quantity shall be calibrated over
the temperature range with at least the minimum number of calibration
points specified below:
Temperature	 Minimum Number	 Accuracy
Range	 of Calibration
	 (K)
(K)	 Points
4 to 350
	 100	 ±.01
4 to 77	 50	 *.01
77 to 350	 35	 {.1
77 to 350
	 4 (Suggested
	 ±1.0
temperatures are
77, 200, 273, 350 K)
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APPENDIX C
Performance and Testing Acceptance Specification:
	 Germanium Resistor
Temperature Sensing Element
1.	 Ratings:
A.	 Recommended Signal Voltage: 	 I to 10 mV de
B.	 Operating Temperature Range:
	 .1 to 35 K
C.	 Storage Temperature Range: 	 .1 to 400 K
2.	 Weight:	 Determined and specified by configuration.
3.	 Encapsulation Nlaterial*
A.	 Determined and specified 17N , configuration
B.	 Thermowells will be mass-spectrometer leak tested when required.
4.	 Inspection Lot:	 An inspection lot is a collection of unit.s of the product
from which a sample is drawn and inspected to determine compliance with
the specified acceptance criteria.
A.	 Lot Characteristics:	 Each inspection lot	 shall consist of devices
U,
whose sensing elements are from the same crystal.
B.	 Lot Identification:	 Lot identification shall he maintained from the
time the lot is assembled to the time 	 it	 is accepted.
C.	 Crystal Selection:
	 The following ev.altiation
	 will	 bi , conducted 4-.)Il	 each
c rystal    candidate (The supplier shall not he limited to this evaluation
and may conduct any other evaluation deemed necestiar y or beneficial
sIII	 selection	 of crystal.,	 for use	 iTI	 lli,;Il	 I-0 I i III i I j 0" app] icati oils).
Twent y sensing elements from tile crystal
	 candidate shall lie assembled
into a s tandard pack-age.	 The packaged device-; shall
	 then be subjected
to the supplier's stand.ard calibration procedure including
approximately 50 calibration points between I.S K and 100 K.
	 Tile
minimum, maximum, and mean value of R at each calibration temperature
shall	 he summarized and compared to the resistance %ICIIN11-1;
temperature ch ,iracteristic curve shown in Figure C-1 herein.
	 The
supplier shall	 , ,elect	 crystals which exhi.bit	 coililiance to t11is
charaetvi-istic curve.
5.	 Resistance (R)	 versus Temperature Characteristic-
	 Sensing; clealent
all meet the requiroments specified in FigtiL	 C-	 it	 i	 tsupplied	 sh,	 I-,	 IV	 11	 n	 Ii C
limits of accuracy of ±20'a.	 Germanium resistance temperature  sensing
element's maximum R at low end of use range should not exceed 25,000 ohms
fi below 1.2 K and 15.000 ohms above 1.2 K.
6. Parasitic Re s istance: Sensing element  %q i I I have a two I ea (I resistance
(measured through tile` 	 lea tis) eIj .jcj l 1,ijl I )L, less tilal 1.5 times
the foul lead resistance. I'M.'; ills "res Mminimumminim heating; of the thermometer.
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FIGURE C-1:	 Typical R versus T for Germanium Resistance
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y 7.	 Calibration Measurements:	 Calibration measurements shall be made in
accordance with the following requirements:
A.	 The parameter used for calibration shall be the resistance, R, at a
current, I, that will give a signal voltage of 1 to 10 mV.
B.	 Calibration measurements shall be made employing good measurement
and instrumentation techniques including:
(1)	 A four-wire potentiometric circuit.
(2)	 Stabilization at calibration temperature.
(3)	 Stabilization at calibration current and using a regulated
current supply.
(4)	 The use of secondary standards.
C.	 All calibration measurements shall be made to a precision of *0.005 K
with respect to standards traceable to the National Bureau of Standards
r'	 or the National Physical Laboratory.	 The accuracy of calibrationrt:
measurements shall be *0.005 K at 4.2 K and 1 0.01 K at 77 K at the
fixed points of We and LN 2 , respectively.
	 Accuracy of calibration
shall be 1% between .1 and .5 K.
E4
D.	 Specific temperature points for calibration measurements shall be
selected by the manufacturer. 	 The calibration measurement data
printouts supplied by the manufacturer may show temperatures above
5 K in whole degrees and in tenths of a degree for temperatures
below 5 K rather than the actual temperatures obtained at each
point during calibration measurements, as long as the required
specified accuracy is obtained.
8. ,
 Marking:	 Sensing elements shall be individuall; packaged and each package
marked with the following information:
A. Procurement Reference Number
B. Date/Code Traceable to the Crystal
C. Manufacturer's Code Identificaticn Number followed by a dash and
the Manufacturer's Part Number
i	 D. Serial Number
9. Data Submittal: The following data shall be supplied with each device.
A. The data obtained during crystal selection (See Note 4C).
B. The calibration measurement data obtained during calibration
measurements (See Note 5D).
C. Calibration data of individual devices (See Note 9D).
All data shall contain the serial number of the device when applicable.
r
Is.r:s;i a:T	 :fYJ'^..	 a ,A	 :: aI a,Vj"	 ^y'	 ^ v,:.r"^i, T 7^^. 'fY^ ^^-, `"^Tk':?^, f . ..,.! :i SVtw! x.r 'rK^:^^^^T,	 ^	 ^?"k°	 J	 }^^r^GY	 }^i^Yec	 ^^i^ fn r^T^'- -- °-	 ..l	 .^a	 `i:'	 ..nom—`-
	 -	
^	 - t....^,..i
10. Quality Conformance Inspection: The manufacturer shall perform the
following examinations and tests prior to shipment of the devices. Failed
devices shall not be shipped.
A. Dimensions: Each device shall be examined to verify conformance to
	 Ll
,specified configuration.
B. Hermeticity: Each device shall be stabilized in air at room ambient
temperature and then immersed in liquid nitrogen for 30 seconds
minimum. The devices shall then be removed from the liquid nitrogen
and immediately immersed in alcohol maintained at room ambient
temperature. Devices that emit bubbles shall be rejected.
C. Thermal Shock: Each device shall be stabilized in air at room ambient
temperature and then subjected to ten cycles of thermal shock, with a
	 t
cycle being conducted as follows: Immerse it in liquid helium for
30 seconds minimum. Remove the device and place it under room ambient
conditions for 10 minutes minimum. Supplementary heat may be used to
	
L^bring sensing element 
"
to room temperature and reduce 10 minute warmup
time. This completes-one cycle. During each cycle, measure R at I
as specified in 6C while the device is immersed in liquid helium.
Devices exhibiting drift in excess of ±z mK shall be rejected.
	 L 11
D. Calibration of individual Sensing Elements: All sensing elements
shall have been calibrated as follows:	
U
Two devices from the line item quantity shall be calibrated over the
temperature ranges with at least the minimum number of calibration
points specified below: 	 U
Temperature
	
Minimum Number	 Precision	 ^}
	
Range	 of Calibration	 (K)
(K)	 Points
	
4 to 77	 so	 ±.as	 L,
1.2 to 4.2	 16	 ±.05
.3 to 1.2	 10	 See 6C
.1 to .3	 4	 See 6C1
u
1 
k.
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Bibliography
The bibliography includes most of the more important cryogenic instrumentation
references published over the last two decades.
The first approximately 200 references were predominately published after
1969 and references #1200 and after prior to 1970.
To facilitate ready reference to the many categories of cryogenic instrumentation,
a table of specif'c (and arbitrary) categories by reference numbers follows
these paragraphs. Because subject overlapping occurs in almost every reference,
only the principle category is listed. To facilitate cross referencing, the
titles of the first section have been included.
Very few references are listed for temperatures below 1 K. This rather sharp
line of temperature demarcation was chosen as a result of the availability
through recent and very complete reviews on this category.
Germanium: 1-14, 229-245
Metallic Resistance Thermometers including Platinum: 34-42, 82-91, 204-228
Junction Devices including Silicon, GaAs, Germanium: 43-52, 178-181, 273-281
Other Semiconductors including Carbon Glass, Silicon, GaSb, and GaAs: 64-67,
271, 272
Carbon and Carbon Film: 15-33, 246-270
Electronic including Capacitance: 53-63
Thermocouples: 69-81, 287-307
Vapor Pressure, Gas Thermometry, and Fixed Points: 96-121, 232, 308-327
Thermometry below 1 K: 93-95, 186, 188, 235-237
Measurement in Magnetic Fields: 34, 49, 54, 59, 66, 72, 75, 78,
81, 82, 85, 167, 186, 187
Instrumentation and Techniques: 68, 122-130, 142 -177, 183, 189, 386-438
Interpolation Techniques: 1-5, 9-13, 16, 27-28, 30, 33, See Platinum References,
97, 186, 219, 233, 240-243
Temperature Scales and Reviews: 92, 131-141, lb4, 185, 201-203, 334, 345
i, ^?	 `	 c rt	 ><	 a	 t R	 ^.	 t	 t	 ^	 ^,	 ^	 r1	 y	 °^ 4	 r	 1 n 1	 Ir	 e	 ..K'^ K	 t ^.^ '• r' }S	 E:^y	 ltd-".' S` '-..	 -t ^,^	 ^ ' ^ .n y	 S 	 ^,iC'•	 r	 s	 = V
s °^^;°	 cy	
AK ,, '`^^' ti 
kryt K 	 _	 s	
i^	 er ,_ ,Aa	 ^, I	 ^r*-e{'^	 sew r a
..-.	 ..^'-^i'.	 ai.^.i: :..•.7;.	 46	 •.....r.w	 _L	 ^....ru	 .: ie	 _	 >	
-	
^r...i..: ^`` ...J • t^ a	 ..	S	 .^r.a..
BIBLIOGRAPHY
1. Blakemore, J. S., Winstel, J,, and Edwards, R. V., Computer Fitting of
Germanium Thermometer Characteristics, Rev. Sci. Instr. 41, p. 835, 1970.
2. Wepner; W., Interpolation of Germanium Resistor Measurements at Low
Temperatures with Spline Functions, J. Phys. E. 4, p. 761, 1971.
3. Penar, J. D., and Campi, M., Interpolation Scheme for Germanium
Resistance Thermometers, Rev. Sci. Instr. 42, p. 528, 1971.
4. Kytin, G. A., Astrov, D. N., Orlova, M. P., Galushkina, G. A., and
Khnykov, V. M., Methods of Mathematical Description of the Temperature
Dependence of Resistance for Germanium Temperature Sensors, Measurement
	 r
Techniques (USSR) 14, p. 1853, 1971.
5. Ward, D. A., The Interpolation of Germanium and Carbon Cryogenic
Thermometer Calibrations, Cryogenics 12, p. 209, 1972.
6. Kirby, C. G. M., and Laubitz, M. J., The Error Due to the Peltier Effect
in Direct-Current Measurements of Resistance, Metrologia 9, p. 103, 1973.
7. Swenson, C. A., and Wolfendale, P. C. F., Differences Between ac and do
	 -
Determinations of Germanium Thermometer Resistimces, Rev. Sci. Instr. 44,
	 `.f
p. 339, 1973.	 : ,=
8. Grodski, J. J., and Dixon, A. E., Simple, Numerical Check of Calibration 	 s
of Germanium Resistance Thermometers, Cryogenics 13, p. 614, 1973.	 i
9. Greenfield, A. J., Lieberman, D., Zair, E., and Greenwald, S., Optimized
	
a
1	 ;
Interpolation Fitting to Ge Resistance Thermometer Characteristics,
Rev. Sci. Instr. 45, p. 1417, 1974. 	 ff^
10. Martin, D. L., Germanium Thermometer Calibration, Rev. Sci. Instr. 46,
p. 657, 1975.
11. Rindelhardt, U., and Hegenbarth, E., The Influence of Computer Fitting on
the Accuracy of Temperature Measurement with Germanium Resistance
Thermometers Below 20 K, Cryogenics 15, p. 355, 1975.
12. Blundell, D. J., and Ricketson, B. W., An Equation to Fit the Resistance-
Temperature Characteristics of Germanium-Doped Sensors at High
Temperature, Cryogenics 16, p.-687, 1976.
13. Godratt, E., Greenfield, A. J., and Schlesinger, Y., Improved Interpolation
Method Suitable for Very High-Precision Data Applied to Ge Resistance
Thermometry, Cryogenics 17, p. 81, 1977.
14. Plumb, H. H., Besley, L. M., and Kemp, W. R. G., Thermal Cycling Apparatus 	 lto Test Germanium Thermometer Stabilities, Rev. Sci. Instr. 48, p. 419,
1977.
f^^,
E'_^
ta
15. Adby, P. R., A Wide Range Cryogenic Thermometer, J. Sci. Instr. 2
(J. Phys. E.), p. 817, 1969.
16. Baleombe, R. J., Emerson, D. J., and Potton, R. J., A Calibration
FA	 Equation for Carbon Resistance Thermometers, J. Phys. E. 3, p. 43, 1970.
17. Johnson, W. L., and Anderson, A. C., The Stability of Carbon Resistance
Thermometers, Rev. Sci. Instr. 42, p. 1296, 1971.
18. Kopp, F. J., and Ashworth, T., Carbon Resistors as Low Temperature
Thermometers, Rev. Sci. Instr. 43, p. 327, 1972.
19. Miller, R. I., and Ulbrich, C. W., Time Response and Thermal Diffusivity
of Carbon Resistance Thermometers, Cryogenics 12, p. 173, 1972.
20. Schlosser, W. F., and Munnings, R. H., A Method of Reducing the Effective
Magnetoresistance of Carbon Resistor Thermometers, Cryogenics 12, p. 22S,
1972.
21. Fox, J. N., Trefny, J. U., and Buchanan, J., Low Temperature Characteristics
of Carbon Films, Cryogenics 12, p. 438, 1972.
22. Lea, M. J., and Dobbs, E. R., The Use of Teledeltos Paper for Carbon
Resistance Thermometers at Low Temperatures, Cryogenics 13, p. 114, 1973.
23. Sano, W., and Isotani, S., An Empirical Function Between the Resistance and
the Temperature of a Carbon Thermometer for 0.3 to 4.2 K, Cryogenics 13,
p. 179, 1973.
24. Kes, P. H., van der Klein, C. A. M., and de Klerk, D., A New R-T Relation
for Allen-Bradley Carbon Resistor Thermometers, Cryogenics 14, p. 168,
1974.
25. Groger, V., and Stangler, F., The Use of Carbon Resistors for High Accu acy
Temperature Measurements, Cryogenics 14, p. 340, 1974.
26. Alterovitz, S., and Gershenson, M., Specific meat of an Allen-Bradley
Carbon Resistor Thermometer, Cryogenics 14, p. 618, 1974.
27. Kopylov, V. N., and Mezhov-Deglin, L. P., The Calculation of Calibration
Curves for Low Temperature Resistance Thermometers Using a Computer,
Cryogenics 14, p. 62S, 1974.
28. Whitehead, N. F., Lanchester, P. C., and Scurlock, R. G., A Low temperature
Calibration Equation for Carbon Resistance Thermometers in High Magnetic
Fields, J. Phys. E. 7, p. 36, 1974.
29. Saito, S., and Sato, T., Matsushita Carbon Resistors as Thermometers for Use
at Low Temperatures and in High Fields, Rev. Sci. Instr. 46, p. 1226, 1973.
D-3
'	 '	
}c4 vr^1^7	 c 3,	 rs;^l	 c 'I" aA^r
	
s	 {^	 +	 4 gx"y' f	 * ' e t +v -	 I	 t
rZ^ :.;..^..'s^ a..__ !.. .. w._,_t-^ ^^ k ^ 4 - '^^^ ` 
K ^ '„ t °^ _ ^ ^^
Sd ..::..r`^ •^^' - ........• ^^^ ^. ..... .t4 i^
u
30. Ricketson, B. W. A., The 220 Ohm Allen-Bradley Resistor as a Temperature
Sensor Between 2 and 100 K, Inst. Phys. Conf. Ser. No. 26, p. 135, 1975. 	 H
31. Wehr, G., Sieber, G., and Boning, K., Carbon Resistors as Low Temperature
Sensors in Low Temperature Reactor Irradiation Experiments, Cryogenics 17,
p. 43, 1977.
32. Dodson, B., Low, T., and Mochel, J., Low-Temperature Thin Graphite Film 	 [
Thermometers, Rev. Sci. Instr. 46, p. 290, 1977. 	 L
33. Lawless, W. N., One-Point Calibration of Allen-Bradley Resistor
Thermometers, 2-20 K, Rev, Sci. Instr. 48, p. 361, 1977.	 1 
34. Neuringer, L. J., Perlman, A. J., Rubin, L. G., and Shapira, Y., Low
Temperature Thermometry in High Magnetic Fields. 11. Germanium and
Platinum Resistors, Rev. Sci. Instr. 42, p. 9, 1971.
35. Sharevskaya, D. T., Orlova, M. P., Belyansky, L. B,, and Galoushkina, G. A.,	 J
Investigation of the Resistance-Temperature: Properties of Platinum for
Resistance Thermometry over the Range from 14 K to 90 K, Metrologia 5,
1969.	
IF
I
l_!
36. Pratt, J. P., and Ailion, D. C., New Two-Point Calibration Method for
Platinum Resistance Thermometers for the Range 75-400 K, Rev. Sci.
Instr. 40, p. 1614, 1969.
37. Thulin, A., High Precision Thermometry Using Industrial Resistance
Sensors, J. Phys. E. 4, p. 764, 1971.
38. Riddle, J. L., Furukawa, G. T., and Plumb, H. H., Platinum Resistance
Thermometry, NBS Monograph 126, Issued April 1973.
39. McCrackin, F. L. and Chang, S. S., Simple Calibration Procedures for
Platinum Resistance Thermometers from 2.5 to 14 K, Rev. Sci. Instr. 46,
p. 550, 1975.
F
40. Compton, J. P., and Ward, S. D., International Comparison of Low-Temperature
Platinum Resistance Thermometers, Inst. Phys. Conf. Ser. No. 26, p. 91,
1975.
41. Belyanskii, L. V., Dotsenko, G. V., Rabukh, L. I., Pan'kiv, T. S., and
Mazaletskaya, G. L., Resistance-Temperature Characteristic of Grade PL-2 	 r.
Platinum Used for Industrial Low-Temperature Thermometers, Measurement 	 E'
Techniques (USSR) 20, p. 522, 1977.
42. Belyanskii, L. B., and Sharevskaya, D. I., Methods of Checking Standard
Low-Temperature Platinum Resistance Thermometers, Measurement
Techniques (USSR) 20, p. 527, 1977.
C-^
M
0
43. Huen, T., Semiconductor Diode Low Temperature Thermometer, Rev. Sci.0
	 Instr. 41, p. 1368, 1970.
44. Sclar, N., and Pollock, D. B., On Diode Thermometers, Solid-State
Electronics 15, p. 473, 1972.
45. Felimban, A. A., and Sandiford, D. J., Transistors as Absolute Thermometers,
J. Phys. E. 7, p. 341, 1974.
46. Ray, J., and Chandra, G., Low Temperature Thermometric Characteristics of
Silicon and Germanium Diodes, Cryogenics 14, p. 414, 1974.
47. Swartz, D. L., and Swartz, J. M., Diode and Resistance Cryogenic
Thermometry: A Comparison, Cryogenics 14, p. 67, 1974.
48. Pavese, F., An Accurate Equation for the V-T Characteristic of GaAs Diode
Thermometers in the 4-300 K Range, Cryogenics 14, p. 425, 1974.
49. Aldridge, R. V., Davis, K., and Holloway, M., An Investigation of the
Effect of a Magnetic Field on the Forward Characteristics of Some Silicon
Diodes at Low Temperatures, J. Phys. D: Appl, Phys. 8, p. 6 11, 1975.
50. Jansak, L., Kordos, P., and Blahova, M., Silicon and Gallium Arsenide
Diodes for Low-Temperature Thermometry, Inst. Phys. Conf. Ser. No. 26,
p. 65, 1975.
51. Logvinenko, S. P., and Rossoshanskii, 0. A., Low Temperature Thermo-Diodes
of GaAs, Doped with Zn, Cryogenics 16, p. 118, 1976.
52. Griffing, B. F., and Shivashankar, S. A., Use of Light-Emitting Diodes :.s
Temperature Sensors, Rev. Sci. Instr. 48, p. 1225, 1977.
53. Lawless, W. N., A Low Temperature Glass-Ceramic Capacitance Thermometer,
Rev. Sci. Instr. 42, p. 561, 1971.
54. Rubin, L. G., and Lawless, W. N., Studies of a Glass-Ceramic Capacitance
Thermometer in an Intense Magnetic Field at Low Temperatures, Rev. Sci.
Instr. 42, p. 571, 1971.
55. Lawless, W. N., and Panchyk, E. A., Thermometer Equations for Low-
Temperature Glass-Ceramic Capacitance Thermometers, Cryogenics 12, p. 191,
1972.
56. Lawless, W. N., Aging Phenomena in a Low-Temperature Glass-Ceramic
Capacitance Thermometer, Rev. Sci. Instr. 46, p. 625, 1975.
57. Swenson, C. A., Time-Dependent and Thermal History Effects in Low
Temperature Glass-Ceramic Capacitance Thermometers, Rev. Sci. Instr. 48,
p. 489, 1977.
D- S
58. Brand, R. A., Letzring, S. A., Sack, H. S., and Webb, W. W., Dielectric
Low Temperature Thermometer for Use in High Magnetic Fields. I. KC1:Li,
Rev. Sci. Instr. 42, p. 927, 1971.
59. Fiory, A. T., Dielectric Low Temperature Thermometer for Use in High
Magnetic Fields. II. KC1:OH, KC1:CN, Rev. Sci. Instr. 42, p. 930, 1971.
fl
I]
III'
60. Hartmann, J. B., and McNelly, T. F., NaF:OH and KC1:OH Magnetic Field-
Independent Capacitance Thermometers, Rev. Sci. Instr. 48, p. 1072, 1977.
61. Blair, D. B., Matheson, C. C., and Saunders, B. J., A Ferrite Magnetic
Permeability Thermometer, Cryogenics 13, p. 561, 1973.
62. Smagin, A. G., and M.il'shtein, B. G., Basic Metrological Characteristics
of a Crystal-Frequency Thermometer, Measurement Techniques (USSR) 18,
p. 1047, 1975.
63. Ohte, A., and Twaoka, H., A Precision Nuclear Quadrupole Resonance
Thermometer, IEEE 25, p. 357, 1976.
64. Lawless, W. N., Thermometric Properties of Carbon-Impregnated Porous
Glass at Low Temperatures, Rev. Sci. Instr. 43, p. 1743, 1972.
65. Swartz, J. M., Clark, C. F., Johns, D. A., and Swartz, D. L., Germanium
and Carbon Glass Resistance Thermometry: A Comparison of Characteristics,
Stability, and Construction, ICEC-6, Grenoble, France, May 1976.
66. Swartz, J. M., Gaines, J. R., and Rubin, L. G., Magnetoresistance of
Carbon-Glass Thermometers at Liquid Helium Temperatures, Rev. Sci.
Instr. 46, p. 1177, 1975.
67. Rosenbaum, R. L., A Survey of Some Secondary Thermometers for Possible
Applications at Very Low Temperatures, Rev. Sci. Instr. 41, p. 37, 1970.
68. Rusby, R. L., Chattle, M. V., and Gilhen, D. M., The Calibration of
Resistance Thermometers at Low Temperatures, J. Phys. E. 5, p. 1102, 1972.
P
69. Bailey, S. B., Richard, R. T., and Mitchell, E. N., Evaporated Silver-
Aluminum Thermocouples for Low Temperature Measurement, Rev. Sci.
Instr. 40, p. 1237, 1969.
70. Sparks, L. L., Powell, R. L., and hall, W. J., Cryogenic Thermocouple
Research, ISA Transactions 9, p. 243, 1970.
71. Berman, R., and Kopp, J., The Thermoelectric Power of Dilute Gold-Iron
Alloys, J. Phys. F. 1, p. 457, 1971.
is
72. von Middendorff, A., Thermocouples at Low Temperatures in High Magnetic
	 i,
Fields, Cryogenics 11, p. 318, 1971. 	 i^
6
4	 I	 }
D-6
	
1
u
}	 s
0
Q 73. Sparks, L. L., and Powell, R. L., Low Temperature Thermocouples: KP,
"Normal" Silver, and Copper Versus Au-0.02 ato Fe and Au-0.07 ato Fe,
J. Res. Natl. Bur. Stds. 76A, p. 263, 1972.
74. Sparks, L. L., Powell, R. L., and Hall, W. J., Reference Tables for
Low-Temperature Thermocouples, Natl. Bur. Stds., Issued June 1972.
75. Schlosser, W. F., and Munnings, R. H., The Effect of a Magnetic Field
on a Copper-Constantan Thermocouple at Low Temperatures, Cryogenics 12,
p. 302, 1972.
76. Knittel, T., Thermoelectric Power Dependence of a Gold-Iron Alley Wire
on the Magnetic Field Orientation, Cryogenics 13, p. 370, 1973.
77. Beilin, V. M., Ya.Levin, I., Medvedeva, L. A., Orlova, M. P., and
Roge1'berg, I. L., A Low Temperature Thermocouple with a Copper-Iron
Arm, Cryogenics 13, p. 612, 1973.
78. Sample, H. H., Neuringer, L. J., and Rubin, L. G., Low 'Temperature
Thermometry in High Magnetic Fields. III. Carbon Resistors (0.5-4.2 K);
Thermocouples, Rev. Sci. Instr. 45, p. 64, 1974,
79. Chiang, C. K., The Absolute Thermopower of Some Low Temperature
Thermocouple Wires in High Transverse Magnetic Fields, Rev. Sci. Instr. 45,
p. 985, 1974.
80. Beilin, V. M., Medvedeva, L. A., Rogel'berg, I. L., and Tarasova, T. F.,
A High Sensitivity Pa + Cr + Ru/AuFe Thermocouple for Measuring
Temperatures from 2 to 200 K, Cryogenics 16, p. 551, 1976.
81. Abilov, G. S., A1'shin, B. I., Beilin, V. M., Losev, M. I., and
Medvedeva, L. A., Effect of Strong Magnetic Fields on the Thermo emf
of Low-Temperature Cu/Cu + Fe Thermocouples, Instr. and Exper. Techniques
(USSR) 19, P. 1817, 1977.
82. McDonald, P. C., Magnetoresistance of the Cryogenic Linear Temperature
Sensor in the Range 4.2 to 300 K, Cryogenics 13, p. 367, 1973.
83. Rusby, R. L., Resistance Thermometry Using Rhodium-Iron, 0.1 K to 273 K,
Inst. Phys. Conf. Ser. No. 26, p. 125, 1975.
84. Griffin, E. L., and Mochel, J. M., Low Temperature, Thin Film NiCr
Thermometers, Rev. Sci. Instr. 45, p. 1265, 1974.
85. Welter, J. M., and Johnen, F. J., The Influence of a Magnetic Field on
an Au-Mn Resistor at Low Temperatures, Cryogenics 15, p. 28, 1975.
86. Eisele, I., and Dorda, G., Resistance Thermometers with MOS Field Effect
Transistors, Inst. Phys. Conf. Ser. No. 26, p. 131, 1975.
87. Janik, R., Lechevet, J. N., and Gregory, W. D., The Use of the Interbase
Resistance of the Unijunction Transistor as a Thermometer in the
20-300 K Range, Rev. Sci. Instr. 45, p. 1456, 1974.
da .	 M
....w,. ......
88. Firth, I. M., and Livingstone, A. W., Silicon Resistance Thermometers
for Low Temperatures, Cryogenics 9, p. 479, 1969.
89. Jansak, L., and Kordos, P., Wide-Range Resistance Thermometer Made
from Mn-Doped Epitaxial GaAs, Cryogenics 14, p. 467, 1974.
90. Logvinenko, S. P., Rossoshanskii, 0. A., Poladich, V. V.,
Zarochentseva, T. M., Derbysheva, S. L., and Eremenko, V. I., A GaAs
Thermometer for the Range 1 to 100 K, Cryogenics 15, p. 150, 1975.
91. Amirkhanova, D. Kh., Gallium Antimonide Resistance Thermometers,
Cryogenics 12, p. 229, 1972.
92. Edited by Billing, B. F., and Quinn, T. J., Temperature Measurement, 1975,
Inst. Phys. Conf. Ser. No. 26, 1975.
93. Hudson, R. P., Marshak, H., Soulen, Jr., R. J., and Utton, D. B., Review
Paper: Recent Advances in Thermometry Below 300 mK, J. Low Temp. Phys. 20,
p. 1, 1975,
94. Lounasmaa, 0. V., Experimental Principles and Methods Below 1 K,
Academic Press! London and New York, 1974.
95. Betts, D. S., Refrigeration and Thermometry Below one Kelvin, Sussex
University Press.
96. Frels, W., Smith, D. R., and Ashworth, T., Vapour Pressure of Nitrogen
Belo. the Triple Point, Cryogenics 14, 1974.
97. Edwards, M. H., Racey, T. J., and Schlag, G., Accurate Polynomial
Representation of the T58 He4 Scale of Temperature from 1.6 K to the
Critical Point, Cryogenics 13, p. 483, 1973.
98. Verbeke, 0. B., An Equation for
p. 486, 1970.
99. Kidnay, A. J., Hiza, M. J., and
Research on Systems of Interest
p. 575, 1973.
100. Brombacher, W. G., Survey of Mi.
114, Issued 1970.
the Vapour Pressure Curve, Cryogenics,
Miller, R. C., .- iquid-Vapour Equilibria
in Cryogenics - A Survey, Cryogenics 13,
zromanometers, Natl. Bur. Stds. Monograph
101. Gonano, R., and . Adams, E. D., In Situ Vapor Pressure Measurement for
Low Temperature Thermometry, Rev. Sci. Instr. 41, p. 716, 1970.
102. Landau, J., Tough, J. T., Brubaker, N. R., and Edwards, D. 0., A Sensitive
Nonmagnetic Pressure Transducer for Use at Very Low Temperatures, Rev.
Sci. Instr. 41, p. 444, 1970.
^i
0
103. Arvidson, J. M., and Brennan, J. A., Pressure Measurement at Low
Temperatures, Instrumentation in the Cryogenic Industry, Volume 1,
Instrument Society of America, 1976.
104. Wagner, W., New Vapour Pressure Measurements for Argon and Nitrogen
and a New Method for Establishing Rational Vapour Pressure Equations,
Cryogenics 13, p. 470, 1973.
105. Ancsin, J., Vapor Pressure Scale of Oxygen, Can. J. Phys. 52, 1974.
106. Berry, K. H., P-V Isotherms of 4He at Low Temperature, Metrologia 8,
p. 12S, 1972.
107. Haar, L., The Ideal Gas-Calorimetric Thermometer, Science 176, p. 1293,
1972.
108. Anderson, R. L., and Neubert, W., A Gas Thermometer for Low Temperatures,
Inst. Phys. Conf. Ser. No. 26, p. 38, 1975.
109. Berry, K. H., Gas Thermometry at Low 'Temperatures, Inst. Phys. Conf.
[ Ser. No.	 26, p.	
32,	 1975.
110. Rusby, R. L., .A Proposal for Dielectric-Constant (or Refractive-Index)
Gas Thermometry in the Range 90-373 K, Inst. Phys. Conf. Ser. No. 26,
p.	 44,	 1975.
11.1. Furukawa, G. T., Saba, W. G., Sweger, D. M., and Plumb, H. H., Normal
j. Boiling Point and Triple Point Temperatures of Neon, Metrologia 6,
p.	 35,	 1970.
112. Ancsin, J., Thermometric Fixed Points of Hydrogen, Metrologia 13,
p.	 79,	 1977.
113. Kemp, R. C., Kemp, W.	 R. G., and Cowan, J. A., The Boiling Points and
Triple Points of Oxygen and Argon, Metrologia 12, p. 93, 1976.
114. Compton, J. P., and Ward, S. D., Realization of the Boiling and Triple
Points of Oxygen, Metrologia 12, p.	 101, 1976.
115. Pnvese, F., Realization of the IPTS-68 Between 54.361 and 273.15 K and
the Triple Points of Oxygen and Argon, Inst. Phys. Conf. Ser. No. 26,
p.	 70,	 1975. 
116. Ancsin, J., and-Phillips, J., Argon Triple Point Realization Cryostat
for Platinum Resistance Long Stem Thermometers, Rev. Sci. Instr. 47,
L'. p.	 1519,	 1976.
117. Kamper, R. A., and Zimmerman, J. E.., Noise Thermometry with the
Josephson Effect, J.	 Appl. Phys. 42, p.	 132,	 1971.
n_ o
}
.t
a
118. Webb, R. A., Giffard, R. P., and Wheatley, J. C., Noise Thermometry;
at Ultralow Temperatures, J. Low Temp. Phys. 13, p. 383, 1973.
119. Soulen, Jr., R. J., Calibration of Paramagnetic Thermometers Using
Superconductive Fixed Points, Cryogenics 14, 1974.
120. Schooley, J. F., Soulen, Jr., R. J., and Evans, Jr., G. A., Preparation
and Use of Superconductive Fixed Point Devices, SRM 767, Natl. Bur.
Stds., Issued December 1972.
121. Schooley, J. F., Solid State Phase Transitions as Thermometric Fixed
Points, Inst. Phys. Conf. Ser. No. 26, p. 49, 1975.'
122. Sparks, L. L., Magnetothermal Conductivity of Selected Pure Metals and
Alloys, Cryogenic Engineering Conference, July 1975.
123. Sparks, L. L., Magnetic Field Effect on Thermal Conductivity of Selected
Metals, Cryogenic. Engineering Conference, August 1977.
L.!
124. Hust, J. G., Thermal Anchoring of Wires in Cryogenic Apparatus, Rev. Sci.
Instr. 41, p. 622, 1970.
125. Kopp, J., and Slack, G. A., Thermal Contact Problems in Low Temperature
Thermocouple Thermometry, Cryogenics 11, p. 22, 1971.
126. Cude, J. L., and Finegold, L., Polymers at Low Tem peratures: Increasing
Thermal Diffusivity in Specific Heat Measurements, Rev. Sci. Instr. 42,
p. 614, 1971.
127. Garrett, K. W., and Rosenberg H. M., The Thermal Conductivity of Epoxy
Resin, Powder Composites at Low 'Temperatures, ICEC-4, 1974.
128. Colwell, J. H., 'Thermal Contacts in a Low Temperature Cryostat,
Cryogenics 13, p. 674, 1973.
129. Anderson, A. C., Th(, Thermal Grounding of Electrical Leads at Low
Temperatures, Rev. Sci_. Instr. 40, p. 1502, 1969.
130. Radebaugh, R., Fredorick, N. V., and Siegwarth, J. D., Flexible Laminates
for Thermally Grounded Terminal Strips and Shielded Electrical Leads at
Low Temperatures, Cryogenics 13, p. 41, 1973.
131. Soulen, Jr., R. .1., The Primary Temperature Scale and How to Use It at
Low Temperatures, Instrumentation in the Cryogenic Industry, Volume 1,
Instrument Society of America, 1976.	 E
132. Durieux, M., Cryogenic Thermometry Between 0.1 K and 100 K, Inst. Phys.
Conf. Ser. No. 26, p. 17, 1975.
► 1f]--10
0
043	 133. Quinn, T. J., and Compton, J. P., The Foundations of Thermometry,Rep. Prog. Phys. 38, p. 151, 1975.
134. The International Practical Temperature Scale of 1968 Amended Edition
of 1975, Metrologia 12, p. 7, 1976.
135. Cetas, T. C., A Magnetic Temperature Scale from l to 83 K, Metrologia 12,
p. 27, 1976.
136. Astrov, D. N., Pavlov, V. A., and Shkraba, V. T., Magnetic Temperature
Scale in the 2 K to 30 K Range, Metrologia 12, p. 143, 1976.
137. Jones, F. L., and Manning, R. E., Computation Aids for the International
Practical Temperature Scale of 1968 in the Range of 13.81 to 273.15 K,
Rev. Sci. Instr. 43, p. 112, 1972.
138. Kirby, C. G., Bedford, R. E., and Kathnelson, J., A Proposal for a New
Deviation Function in the IPTS-68 Below 273 K, Metrologia 11, p. 117, 1975.
139. Besley, L. M., and Kemp, W. R. G., An Intercomparison of Temperature
Scales in the Range l to 30 K Using Germanium Resistance Thermometry,
Metrologia 13, p. 35, 1977.
140. Crovini, L., Bedford, R. E., and Moser, A., Extended List of Secondary
Reference Points, Metrologia 13, p. 197, 1977.
141. Furukawa, G. T., Riddle, J. L., and Bigge, W. R., The International
Practical Temperature Scale of 1968 in the Region 13.81 K to 90.188 K
as Maintained at the National Bureau of Standards, J. Res. Natl. Bur.
Stds. 77A, p. 309, 1973.
142. Anderson, A. C., Low-Noise ac Bridge for Resistance Thermometry at Low
Temperatures, Rev. Sci. Instr. 44, p. 1475, 1973.
143. Kirschner, I., Porjesz, T., Zentai, P., Kiss, G., and Remenyi, G.,
A Highly Stable and Sensitive Temperature Regulator for the Range
1.5-350 K, Cryogenics 14, p. 559, 1974.
144. Thulin, A., Double Bridge for Resistance Thermometry Using Fixed Ratio
Arms, J. Phys. E. 3, p. 795, 1970.
145. Giffard, R. P., A Simple Low Power Self-Balancing Resistance Bridge,
J. Phys. E. 6, p. 719, 1973.
146. Aalto, M. I., and Ehnholm, G. J., A Self-Balancing Resistance Bridge,
J. Phys. E. 6, p. 614, 1973.
147. Rubin, L. G., and Golahny, Y., An Improved ac Bridge Circuit for Use in
Four-Terminal Resistance Thermometry, Rev. Sci. Instr. 43, p. 1758, 1972.
11-11
148. Newrock, R. S., Wagner, D. K., and Rosenthal, M. D., Simple Cryogenic
Temperature Regulator for Use with Resistive and Capacitive Sensors,
J. Phys. E. 10, p. 939, 1977.
149. Griffin, J. A., An ar. Capacitance Bridge Temperature Controller for Use
in Strong Magnetic Fields at Low Temperatures, Rev. Sci. Instr. 46,
p. 5, 1975.
150. Gearhart, Jr., C. A., McLinn, J. A., and Zimmermann, Jr., W., Simple 	 U
High-Stability Potentiometric ac Bridge Circuits for High-Resolution
Low-Temperature Resistance Thermometry, Rev. Sci. Instr. 46, p. 1493, 1975.
151. Thompson, A. M., and Small, G. W., A. C. Bridge for Platinum-Resistance
Thermometry, Proc. IEE 118, p. 1662, 1971.
152. Cutkosky, R. D., An A-C Resistance Thermometer Bridge, J. Res. Natl. Bur.
Stds. 74C, p. 15, 1970.
153. Kusters, N. L., and MacMartin, M. P., Direct-Current Comparator Bridge
	
i
for Resistance Thermometry, IEEE IM-19, p. 291, 1970.
i
154. Crovini, L., and Kirby, C. G. M., Resistance Comparisons at Nanovolt
Levels Using an Isolating Current Ratio Generator, Rev. Sci. Instr. 41,
p. 493, 1970.
155. Magerlein, J. H., and Sanders, Jr., T. M., Digitally Programmable Ratio
Transformer Bridge, Rev. Sci. Instr. 46, p. 1653, 1975.
156. Hill, J. J., Calibration of DC Resistive Devices by AC Methods, ISA
Transactions 9, p. 210, 1970.
157. Forgan, E. M., Ov the Use of Temperature Controllers in Cryogenics,
Cryogenics 14, p. 2071, 1974.
t
158. Ekin, J. W., and Wagner, D. K., A Simple ac Bridge Circuit for Use in
Faur-Terminal Resistance Thermometry,
159. lair, E., and Greenfield, A. J., An ac Bridge Circuit for Low Temperature
Thermometry, Rev. Sci. lnstr. 44, p. 695, 1973. 	 1
160. Vol , ,gas, C. M., Finegold, L., Simple, Inexpensive Liquid Pelium
Temperature Controller, Using Integrated Semiconductor Circuits, Rev.
Sci. Instr. 40, p. 159, 1969.
161. Ries, R. P., and Moore, 8. K., An ac Resistance Bridge and Temperature
Controller, Rev. Sci. Instr. 41, p. 996, 1970.
162. Rochlin, G. I., Improved Design Liquid Helium Temperature Regulator
Using Operational Amplifier Circuits, Rev. Sci. Instr. 41, p. 73, 1970.
D-12	 H
e
163. Chase, R. L., Self-Balancing Conductance Bridge for Low Temperature
Thermometry, Rev. Sci. Instr. 42, p. 319, 1971.
164. Swartz, D. L., and Swartz, J. M., Calibration of Cryogenic Temperature
Sensing Elements, Instrumentation in the Cryogenic Industry, Volume 1,
Instrument Society of America, 1976.
165. Pavese, F., and Cagna, G., Thermal Drift Correction and Precision
Evaluation by Data Processing of Resistance Thermometer Comparisons,
Inst. Phys. Conf. Sex. No. 26, p. 117, 1975.
166. Daneman, H. L., Cryogenic Temperature Sensor Calibration with Automated
Data Readoi;t, ISA Transactions 8, p. 151, 1969.
167. Sample, H. H., and Rubin, L. G., Instrumentation and Methods for Low
Temperature Measurements in High Magnetic Fields, Cryogenics 17, p. 597,
1977.
168. Walstrom,, P. L., Cryogenic Instrumentation Needs in the Controlled
Thermonuclear Research Program, Instrumentation in the Cryogenic
Industry, Volume 1, Instrument Society of America, 1976.
169. Sarwinski, R. E., Superconducting Instruments, Instrumentation in the
Cryogenic Industry, Volume 1, Instrument Society of America, 1976.
-^! 170. Davidson, A., Newbower, R. S., and Beasley, M. R., An Ultra-Low Noise
Preamplifier Using Superconducting Quantum Devices, Rev. Sci. Instr. 45,
p.	 838,	 1974.
171. Anderson, A. C., Peterson, R. E., and Robichaux, J. E., Magnetic
Thermometry, Rev. Sci. 	 Instr. 41, p. 528, 1970.
172. White III, J. J., Calibration of a Continuously Scanning Bridge Circuit
Using On-Line Data, Rev. Sci. Instr. 44, p. 414, 	 1973.
173. Martin, D.	 L., Bradley,	 L.	 L. T., Cazemier, W. J., and Snowdon, R. 	 L.,
Automatic Calorimetry in the 3-30 K Range.	 The Specific Heat of Copper,
Rev.	 Sci.	 Instr.	 44, p.	 675,	 1973.
174. Collan, H. K., Hei%kila, T., Krusius, M., and Pickett, G. R., On the
Measurement of Small Heat Capacities at Low Temperatures, Cryogenics,
p.	 389,	 1970.
175. Bachmann, R., DiSalvo, F. J., Geballe, T. H., Greene, R. L., Howard, R. E.,
King, C. N., Kirsch, H. C., Lee, K. N., Schwall, R. E., Thomas, H. U.,
and Zubeck, R. B., Heat Capacity Measurements on Small Samples at Low
Temperatures, Rev. Sci. Instr. 43, p. 205, 1972.
176. Lechevet, J., Neighbor, J. E., Padamsee, H., and Shiffman, C. A.,
Measuring Small Changes in Calorimetric Properties Using a "Direct
Difference" Technique, Rev. Sci. Instr. 48, P. 31, 1977.
177. Anderson, A. C., Folinsbee, J. T., and Johnson, W. L., Measurement and
Control of Thermal Radiation Below 6 K, J. Low Temp. Phys. 5, p. 591,
1971.
^^	 n-13
178. Aldridge, R. V., On the Behaviour of Forward Biased Silicon Diodes
at Low Temperatures, Solid-State Electronics 17, p. 617, 1974.
179. Szmyrka, A., and Lipinski, L., Silicon Diode Thermometric Properties
in 4.2-300 K Temperature Range, ICEC-6, Grenoble, France, May 1976.
180. Nuttall, K. I., and Nield, M. W., Behaviour of Silicon pn Junctions at
Temperatures Between 4.2 and 300 0 K, Int. J. Electronics 24, p. 69, 1968.
181. Swartz, J. M., and Swartz, D. L., Recent Advances in Resistance, Diode,
and Capacitance Thermometers for Use at Cryogenic Temperatures, Adv,
Cryo. Eng. 20, p. 389, 1975.
182. Hasegawa, R., and Tanner, L. E., Metallic Glass Resistance Thermometers,
J. Appl. Phys. 48, p. 3211, 1977.
3
a
183. Logvinenko, S. P., Eremenko, V. I., Sukhikh, V. G., and Mikhina, G. F.,
Apparatus for Studying and Calibrating Resistance Thermometers, Thermodiodes,
and Thermocouples in the Temperature Range 4.2-300 0 K, Measurement Techniques
(USSR) 20, p. 414, 1977.
184. Astrov, D. N., Abilov, G. S., and A1'Shin, B. I., Measurement of Low
Temperatures in Strong Magnetic Fields, Measurement Techniques (USSR) 20,
p. 513, 1977.
185. Pogorelova, 0. F., Orlova, M. P., and Kytin, G. A., New Reference Points
in Low-Temperature Thermometry, Measurement 'Techniques (USSR) 19, p. 1623,
1976.
186. Rubin, L. G., Cryogenic Thermometry: A Review of Recent Progress,
Cryogenics, 1970.
187. Astrov, D. N., Abilov, G. S., and A1'shir., B. I., Measurement of Low
Temperatures in Strong Magnetic Fields, Measurement Techniques (USSR),
April, 1977.
188. Roth, E. P., Matey, J. R., Anderson, A. C., and Johns, D. A., Application
of Germanium Resistance Thermometers Below 0.1 K, Rev. Sci. Instr. ('To
Be Published).
189. Reynolds, Jr., C. L., and Anderson, A. C., Thermal Conductivity of an
Electrically Conducting Epoxy Below 3 K, Rev. Sci. Instr. (To Be Published).
190. Besley, L. M., and Plumb, H. H., Stability of Germanium Resistance
Thermometers at 20 K, Rev. Sci. Instr. 49, p. 68, 1978.
191. Anderson, M. S., and Swenson, C. A., Characteristics of Germanium
Resistance Thermometers From 1 K to 35 K and the ISU Magnetic Temperature
Scale, (To Be Published).
192. Clark, C. F., Swartz, D. L., Swartz, J. M., Swinehart, P. R., and Wang, V.,
Stability of Cryogenic Temperature Sensing Elements: Germanium, Carbon
Glass and Silicon Diode Thermometers, (To Be Published).
D-14
I	 i e
i
i^
i^
i
I	 #
L'
II
U
__ k ...
t
These references are pre-1970.
201. Corruccini, R. J., Adv. Cryo. Eng. 8, p. 315,	 1962.
202. Timmerhaus, K. D., Cryo. Tech., p. 196,	 1963. a
203. Orlova, M. P., Meas. Tech. 4, p. 489,	 1964.
^a
204. Comite Consultatif De Thermometrie, Metrologia 5, p. 35, 1969. I'4
205. Benedict,	 R.	 P.	 L., N. Tech. Jour.	 6, p.	 2,	 1969.1
206. Bedford, R. E., Preston -Thomas, H., Durieux, M., and Muijlwijk, R.,
Metrologia 5, p. 45, 1969.
207. Sharevskaya, D.	 I., Orlova, M.	 P.,	 Belyansky, L.	 B., and Galovshkina,	 L.	 B.,
Proc.
	
ICEC- 2, p.	 222,	 1968.
20$, Orlova, M.	 P., Astrov,	 D. N., Alshin, B. 	 I., and Zorin, R. 	 V., Proc:.	 10EC-2, :!a
P .	231,	 1968.
209. Berry,	 R. J., Can. J. 	 Phys.	 41, p.	 946,	 1963.
Ir
210. Corruccini, R. J., J. 	 Res. Natl.	 Bur. Stds.	 69C, p.	 283,	 1965.
211. Van Dijk, H., Physica 30, p. 	 1498, 1964.
212. Berry,	 R. J., Can. J. Phys.	 45, p.	 1963,	 1967.
213. Kos, J.	 F., and Lamarche, J.	 L. G., Can. J.	 Phys. 45, p.	 339,	 1967. ai^
214. Berry, R. J., Metrologia 3, p. 	 53,	 1967.
215. Orlova, M. P., et al Metrologia 2, p. 6, 1966.
=i[J 216. Holland, M. G., Rubin, L. G., and Welts, J., Temperature, Its Measurement
and Control in Science and Industry 3, pt. 2, p. 795, 1962.
217. Gehring, F. D., and Gerstein, 	 B.	 C.,	 Rev.	 Sci.	 Instr.	 38, p.	 280,	 1967.
218. Johnston, W. V., and Lindberg, G. W., Rev.	 Sci.	 Instr.	 39, p.	 1925,	 1968.
F • 	 r219. Klein, M. V.,	 and Caldwell,	 R.	 F., Rev. Sci.	 Instr.	 37, p.	 1291,	 1966.
220. Yet-Chong, C., and Forrest, A. M., J. Sci.	 Instr.	 1, p.	 839,	 1968.
221. Brodskii, A.	 D., Meas. Tech.	 4, p.	 455,	 1968. Y
222, James,	 B. W.,	 and Yates, B. J., J. Sci.	 Instr.	 40, p.	 193,	 1963. f"
r	 na 
"4444
ti-, R
r
^y u
;I
223. Orlova, M. P., Astrov, D. N., and Medvedeva, L. A., Cryogenics 4,
p. 95, 1964.
224. Kos, J. F., Drolet, M., and Lamarche, J. L. G., Can. J. Phys. 45,
p. 2787, 1967.
225. Meaden, G. T., Cryogenics 6, p. 275, 1966.
226. Gordon, J. E., and Amstutz, L. I., Cryogenics 5, p. 329, 1965.
227. Mikhailov, N. N., and Govor, A. Y., Cryogenics 3, p. 205, 1963.
228. Manufacturer's specifications.
229. Blakemore, J. S., Rev. Sci. Instr. 33, p. 106, 1962.
230. Blakemore, J. S., Schultz, J. W., and Myers, J. G., Rev. Sci. Instr. 33,
p. 545, 1962.
231. Orlova, M. P., Astrov, D. N., and Medvedeva, L. A., Cryogenics 5, p. 165,
1965.
232. Osborne, D. W., Flotow, H. E., and Schreiner, F., Rev. Sci. Instr. 38,
p. 159, 1967.
233. Claiborne, L. T., Hardin, W. R., and Einspruch, N. G., Rev. Sci. Instr. 37,
P. 1422, lQ6c:
234. Cochran, I. F., 5'jiffman, C. H., and Neighbor, J. E., Rev. Sci. Instr. 37,
p. 499, 196(.
235. Antcliffe, G. A., Einspruch, N. G., °inatti, D. G., and Rorschach, H. E.,
Rev. Sci. IT:str. 39, p. 254, 1968.
236. Culbert, H. Y., and Sungaila, Z., Cryogenics 8, p. 386, 1968.
237. Harrison, J. P., Rev. Sci. Instr. 39, p. 45, 1968.
238. Sarver, C. E., and Blakemore, J. S., Cryogenics 7, p. 299, 1967.
239. Edlow, M. H., and Plumb, H. H., J. Res. Natl. Bur. Stds. 70C, p. 245, 1966.
240. Edlow, M. H., and Plumb, H. H., J. Res. Natl. Bur. Stds. 71C, P. 29, 1967.
241. Cataland, G., and Plumb, H. H., J. Res. Natl. Bur. Stds. 70A, p. 243, 1966.
242. Ahlers, G., and Macre, J. F., Rev. Sci. Instr. 37, p. 962, 1966.
243. Schriempf, J. T., Cryogenics 6, p. 362, 1966.
244. Herder, T. H., Olson, R. 0., and Blakemore, J. S., Rev. Sci. Instr. 37,
p. 1301, 1966.
245. Cohen, B. G., Tretola, A. R., and Lilienthal, R., Rev. Sci. Instr. 37,
p. 1689, 1966.
246. Schulte, E. H., Cryogenics 6, p. 321, 1966.
247. Amundsen, T., Cryogenics 7, p. 368, 1967.
248. Hudson, W. R., Rev. Sri. Instr. 39, p. 253, 1968.
249. Chari, M. S. R., Indian J. Pure and Appl. Phys. 5, p. 482, 1967.
250. Mezhov-Deglin, L. P., and Shal'Nikov, A. I., Inst. Exp. Tech. 5, p. 1288,
1965.
251. Borcherds, P. H., Cryogenics 9, p. 138, 1969.
252. Belanger, B. C., Rev. Sci. Instr. 40, p. 10 92, 1969.
253. Blewer, R. S., Zebouni, N. H., and Grenier, C. G., Phys. Rev. 174,
p. 700, 1968.
254. Weinstock, H., Proc. LT11, Discussion of Paper D1.3, p. 506, 1968.
255. Black, W. C., Roach, W. R., and Wheatley, J. C., Rev. Sci. Instr. 35,
p. 587, 1964.
256. Edelstein, A. S., and Mess, K. W., Physica 31, p. 1707, 1965.
257. Kodama, T., Wada, S., Shigi, T., and Okuda, T., Proc. ICEC-,, p. 47, 1907.
258. Hornung, E. W., and Lyon, D. N., Rev. Sci, Instr. 32, p. 684, 1961.
259. Dupre, A., van Itterbeek, A., Michiels, L., and van Neste, L., Cryogenics 4,
p. 354, 1964.
260. Cannon, W. C., and Chester, M., Rev. Sci. Instr. 38, p. 318, 1967.
261. Brown, C.R., and Matthews, P. W., Rev. Sci. Instr. 39, p. 616, 1968.
262. Terry, C., Rev. Sci. Instr. 39, p. 925, 1968.
263. Star, W. M., van Dam, J. E., and van Baarie, C., J. Sci. Instr. 2,
p. 257, 1969.
264. Sousa, J. B., Cryogenics 8, p. 105, 1968.
265. Jellison, J. C., and Collier, R. S., Adv. Cryo. Eng. 14, p. 322, 1969.
266. Kalinkina, I. N., Cryogenics 4, p. 327, 1964.
v
iW..i	 r
^j
1
.1
r
'^ 7
v
tk
267. Cunsolo, S., Santini, M., and Vicentini-Missone, M., Cryogenics 5,
p. 168, 1965.
268. Craig, P. P., Cryogenics 6, p. 112; 1966.
269. Rafalowicz, J., and Sujak, B,, Acta. Phys. Polon. 25, p. 193, 1964;
Acta. Phys. Polon. 25, p. 599, 1964.
270. Hetzler, M. C., and Walton, D., Rev. Sci. Instr, 39, p. 1656, 1968.
271. Brown, R. E., Hubbard, W. M., and Haben, J. F., Rev. Sci. Instr. 33,
p. 1282, 1962.
272. Schlosser, W. F., and Munnings, R. H., Rev, Sci. Instr. 40, p. 1359, 1969.
273. Barton, L. E., Electronics 35, p. 38, 1962.
274. Unsworth, J., and Rose-Innes, A. C., Cryogenics 6, p. 239, 1966.
275. Logvinenko, S. P., and Rrovkin, Y. N., Instr. Exp. Tech. 1, p. 221, 1968
276. Smeathers, P. R., Cryogenics 8, p. 393, 1968.
277. Meulemans, H. L. F., and Verbeke, 0., Cryogenics 8, p, 398, 1968,
278, Cohen, B. G., Snow, W. B., and Tretola, A. R., Rev. Sci.. Instr. 34,
p. 1091, 1963.
279. Dmitrenko, I. M., Logvinenko, S. P., Ivanov, N. I., and Kolot, Z. M.,
Cryogenics 6, p. 239, 1966.
280. Arends, J., and Wright, R. C., Cryogenics 9, p. 281, 1969.
281. Praddaude, H. C., Rev. Sci. Instr. 40, p. 599, 1969.
282. Lester, D. H., and Bronson, J. C., Cryo. Eng. News 26, 1968.
283. Dean, J. W., and Richards, R. J., Adv. Cryo. Eng. 13, p. 505, 1968.
284. Neuringer, L. J., and Shapira, Y., Rev. Sci. Instr. 40, p. 1314, 1969.
285. Rubin, L. G., Neuringer, L. J., and Perlman, A., (Forthcoming).
286. Rubin, L. G., (Forthcoming).
287. Powell, R. L., Bunch, M. D., and Corruccini, R. J., Cryogenics 1,
p. 139, 1961.
288. Powell, R. L., Caywood, L. P., and Bunch, M. D,, Temperature, Its
Measurement and Control in Science and Industry 3, pt. 2, p. 65, 1962.
RITRpDUCIBIIa ^ P00R.
ORLGINa PAGE
x
o c
o
0
o'
D-18
/	 ..^	 I "'C''( ^T^" ,4	 I'^
N
7	 1
_ }qY.c	 ^	
1
^.3 y 1 -j s^ . 'r^ ^^^
ry i ,_
w	 ^
7`f
	
J^ !  l^;
^^ ^Fl Ilri
I^
RITkODUCIBILI'Iy OF
289. Koeppe, W., Cryogenics 7, p. 172,	 1967. THEORIGINAL PAGE IS POOR
290. Koeppe, W., Proc.	 ICEC-2, p. 213,	 1968. 4
291. MacDonald, D.	 K. C., Pearson, W.	 B.,	 -.--nd Templeton, I. M., Proc. Roy.
Soc. A266, p.	 161,	 1962.
292. Berman, R., Brock, J. C. F., and Huntley, D. J., Cryogenics 3, p. 70,
1963.
293. Rosenbaum, R. L., Rev. Sci. Instr. 39, p. 890, 1968.
294. Rosenbaum, R. L., Rev. Sci. Instr. 40, p. 578, 1969.
295. Berman, R., Brock, J. C. F., and Huntley, D. J., Adv. Cryo. Eng. 10,
p. 233, 1964.
296. Berman, R., Brock, J. C. F., and Huntley, D. J., Cryogenics 4,
p. 233, 1964.
297. Finnemore, D. K., Ostenson, J. E., and Stromberg, T. F., Rev. Sci.
Instr. 36, p. 1369, 1965.
298. Rosenbaum, R. L., Oder, R. R., and Goldner, R. B., Cryogenics 4,
p. 333, 1964.
299. Schriempf, J. T., and Schindler, A. I., Cryogenics S, p. 174, 1965.
300. Schriempf, J. T., and Schindler, A.	 I., Cryogenics 6,	 p.	 301,	 1966.
301. Sparks,	 L.	 L.,	 Powell, R.	 L., and Hall,	 IN. J.,	 NBS Report 9712.
302. Berman, R., Kopp, J., Slack, G. A., and Walker, C. T.,	 Phys.	 Lett.	 27A,
M
p.	 464,	 1968.
303. Kutzner, K., Cryogenics 8, p. 325, 1968.
304. Richards, D. B., Edwards, 	 L. R., and Legvold, S., J. Appl.	 Phys.	 40,
p.	 3836,	 1969.
305. Crisp, R. S., and Henry, W. 	 G., Cryogenics 4, p. 361, 1965.
306. Sparks,	 L.	 L., and Hall,	 W. J., NBS Report 9719.
307.	 Gainon, D.,	 Donge,	 P.,	 and Sierra, J., Sol.
	
St.	 Comm.	 5, p.	 151, 1967.
308.	 Temperature, Its Measurement and Control in Science and Industry 3,
1962. There are 3 papers in Part 1: 	 Moessen, G. W., Aston, J. G., and
Ascah, R. G., p.	 90;	 Barber, G.	 R., p.	 103; Borovick-Romanov, A. C.,
et a1, p.	 113.	 Also,	 see reference 216.
0
[ AI
309. Franck, J. P., and Martin, D. L., Can. J. Phys. 39, p. 1320, 1961.
	 ['f
310. Barber, C. R., Brit. J. Appl. Phys. 13, p. 235, 1962.
311. Barber, C. R., and Horsford, A., Metrologia 1, p. 75, 1965. L
312. Rogers, J. S., Tainsh, R. J., Anderson, M. S., and Swenson, C. A.,
Metrologia 4, p. 47, 1968.
313. Martin, D.	 L., Phys.	 Rev.	 141, p.	 576, 1966.
314. Holten,	 D. C., Adv„ Cryo.	 Eng.	 9, p. 406,	 1963.
315. Coffey, H. T., and Faychak, G. J., Proc.
	
ICEC-1, p. 49, 1967.
316. Mochizuki, T., Mitsui, K., Takahashi, M., and Shiratori, T., Proc.
ICEC-2, p.	 65, 1968.
317. Dijk,	 H.,van Physica	 1966.32, p.	 945,
318. Strobridge, T. R., NBS Tech. Ns-te 129,	 1962.
319. Roder, H. M., McCarty, R. D., and Johnson, V. J., NBS Tech. Note 361,
1968.
320. Mochizuki, T., Sawada, S., and Takahashi, M., Japan J. Appl. Phys. 8,^
p. 488,	 1969.
321. Bowman, D. H., Aziz, R. A., and Lim, C. C., Can. 	 J.	 Phys. 47, p.
	
267,
1969.
322. Grilly, E. R., Cryogenics 2, p.	 226,	 1962.
j323. Barber, C. R., and Horsford, A.,	 Brit. J. App.	 Phys.	 14, p.	 920,	 1963.
324. Roberts, T. R., Sherman, R. H.,	 Sydoriak, S.	 C.,	 and Brickwedde, F.	 G.,
Progress in Low Temperature Physics 4, Chapter 10,	 1964.
325. McConville, G. T., Watkins, R. A., and Taylor, W.	 L., Ann. Acad. Sci.,^
Fennicae: Ser A VI, No.	 210, p.	 44,	 1966.
326. Watkins, R. A., Taylor, W.	 L., and Haubach, W. J., J. Chem. Phys. 46,
p.	 1007,
	
1967.
327. Montgomery, H., Cryogenics 5, p.	 230,	 :.965.
328. Sambongi, T., and Maeda,
	 I., J. Phys. Soc. Japan 21, p. 2728, 1966.
329. Montgomery, H., and Pells, G. P.,	 Brit. J.	 Appl.	 Phys.	 14, p.	 525,	 1963.
330. van Mal, H. H., J.	 Sci.	 Instr. 2,	 p.	 112,	 1969.
H
331. McConville, G. T., Cryogenics 9, p. 76, 1969.
332. Edmonds, T., and Hobson, J. P., J. Vacuum Sci. Tech. 2, p. 182, 1965.
333. Bewilogua, L., Proc. ICEC-2, p. 222, 1968.
334. Plumb, H., and Cataland, G., Metrologia 2, p. 127, 1966.
335. Brodskii, A. D., Meas. Tech. 6, p. 671, 1967.
336. Boyd, M. E., Larsen, S. Y., and Plumb, H., J. Res. Natl. Bur. Stds. 72A,
p. 155, 1968.
337. Hudson, R. P., and Kaeser, R. S., Physics 3, p. 95, 1967.
338. Frankel, R. B., Shirley, D. A., and Stone, N. J., Phys. Rev. 140,
A1020, 1965; 143, p. 344, 1966.
339. Abel, W. R., Anderson, A. C., Black, W. C., and Wheatley, j. C.,
Physics 1, p. 337, 1965.
340. Wheatley, J. C., Ana. Acad. Sci. Fennicae: Ser A VI, No. 210, p. 15 ; 1966.
341. Abraham, B. M., and Eckstein, Y., Phys. Rev. Lett. 20, p. 649, 1968.
K2. Black, W. C., Phys. Rev. Lett. 21, p. 28, 1968.
343. Abel, W. R., and Wheatley, J. C., Phys. Rev. Lett. 21, p. 597, 1968.
344. Anderson, A. C., J. Appl. Phys. 39, p. 5878, 1968.
345. Williamson, S. J., and Cape, J. A., Phys. Rev. Lett. 21, p. 370, 1968.
346. Sample, H. H., and Swenson, C. A., Phys. Rev. 158, p. 188, 1967.
347. Abel, W. R., Johnson, R. T., Wheatley, J. C., and Zimmerman, W., Phys.
Rev. Lett. 18, p. 737, 1967.
348. Abraham, B. M., Eckstein, Y., Ketterson, J. B., and Kuchnir, M., Phys.
Rev. Lett. 20, p. 251, 1968.
349. Keyston, J. R. G., Lacaze, A., and Thoulouze, D., Cryogenics 8, p. 295,
1968.
350. Mess, K. W., Lubbers, J., Niesen, L., and Huiskamp, W. J., Proc. LT11,
	
I	 p. 489, 1968.
351. Zimmerman, G. 0., Abeshouse, D. J.,, Maxwell, E., and Kelland, D., Proc.
LT11, p. 493, 1968.
	
r,	 352. Niesen, L., and Huiskamp, W. J., Proc. LTI1, p. 497, 1968.
e
0
0
n I)i
^a^
11
lei
353. Althouse, E. L., Cryogenics 9, p. 177, 1969.
354. Hudson, R. P., Cryogenics 9, p. 76, 1969.
355. Blok, J.,	 Shirley,	 D. A.,	 and Stone,	 N.	 J.,	 Phys.	 Rev.	 143,	 p.	 78, 1966.
356. Eisenstein, J. C., Hudson, R. P.,	 and Mangum,	 B.	 W., Appl.	 Phys.	 Lett.	 5,
p.	 231,	 1964.
357. Betts,	 D.	 S., Edmonds,	 D.	 T., Keen,	 B.	 E.,	 and [Matthews,	 P.	 W.,	 J. Sci.
Instr.	 41, p. 515,	 1964.
358. Ford,	 N.	 C., and Jeffries, C. D.,	 Phys.	 Rev.	 141,	 p.	 381,	 1966.
359. Bohan, T.	 L., and Stapleton, H. J., 	 Rev. Sci.	 Instr.	 39,	 p.	 1707, 1968.
360. Soloviev, V. I., and Brodskii, A.	 D.,	 Instr.	 Exp.	 Tech.	 2,	 p.	 332, 1962.
^p
361. Volpicelli,	 R.	 J.,	 Rao,	 B.	 D. N.,	 and Baldeschwieler, J. 	 D.,	 Rev. Sci..
Instr.	 36,	 p. 150,	 1965.
362. Vanier, J., Metrologia 1, p. 135, 1965.
363. Utton, D. B., Metrologia 3, p. 98, 1967.
364. Soloviev, V. I., Proc. ICEC-1, p. 72, 1967.
365. Walstedt, R. E., Hahn, E. L., Froidevaux, C., and Geissler, E., Proc.
Roy. Soc. A284, p. 499, 1965.
366. Gill, D., Kaplan, W., Thompson, R., Jaccarino, V., and Guggenheim, H. J.,
Rev. Sci. Instr. 40, p. 109, 1969.
367. Fink, H. L., Can. J. Phys. 37, p. 1397, 1959.
368. Patronis, E. T., Marshak, M., Reynolds, C. A., Sailor, V. L., and
Shore, F. J., Rev. Sci. Instr. 37, 787, 1966.
369. Shore, F. J., and Williamson, R. S., Rev. Sci. Instr. 37, p. 787, 1966
370. Brophy, J. J., Epstein, M., and Webb, S. W., Rev. Sci. Instr. 36, p. 1803,
1965.
371. Wagner, R. R., Bertman, B., Giuffrida, T. S., and Van Den Berg, W. H.,
Proc. LT11, p. 427, 1968.
372. Savateev, A. V., Meas. Tech. 2, p. 114, 1962
373. Brodskii, A. D., Kremlevski, V. P., and Savateev, A. V., Meas. Tech. 9,
p. 757, 1962.
374. Silver, A. H., Zimmerman, J. E., and Kamper, R. A., Appl. Phys. Lett. 11,
p. 209, 1967.
D-22
0
375. Kamper, R. A., Proc. Symposium on The Physics of Superconducting
Devices, Charlottesville, Va., Paper M-1, 1967.
376. Colwell, J. H., Schooley, J. F., and Soulen, R. J., J, Appl, Phys. 40,
p. 2163, 1969, abstract only.
377. Golovashkin, A. N., and Motulevich, G. P., Cryogenics 3, p. 167, 1963.
378. Ifft, E., and Shal'Nikov, A. I., Inst. Exp. Tech. 4, p. 967, 1967.
J	
379. Wade, W. H., and Slutsky, L. J., Rev. Sci. Instr. 33, p. 212, 1962.
380. Flynn, T. M., Hinnah, H., and Newell, D.E., AM Cryo. Eng. 8, p. 334,
1962.
381. Rubin, L. G., (Forthcoming).
382. Willens, R. H., Buehler, E., and Nesbitt, E. A., Rev. Sci. Instr. 39,
p. 194, 1968.
383. Lang, S. 8., Shaw, S. A., Rice, L. H., and Timmerhaus, K. D., Rev. Sci.
Instr. 40, p. 274, 1969.
384. Markhan'Kov, V. I., Sidorenko, I. S., and Shemonaev, G. P., Instr.
i	 Exp. Tech. 4, p. 986, 1968.
385. Singleton, A. H., Adv. Cryo. Eng. 10, p. 239, 1965.
386. Thomas, A. M., and Cross, J. L.,	 Vacuum Sci. Tech. 4, p. 1, 1967.
r '
	387. Ruthberg, S. J., J. Vacuum Sci, Tech. 6, p. 401, 1969.
388. AltshuIer, T. L., Cryogenics 3, p. 174, 1963.
L	
389. Carr, P. H., Vacuum 14, p. 37, 1964.
L	 390. Ishh, H., and Nakayama, K., Trans. 8th Nacional Vacuum Symposium (1961) 1,
E	
p. 519 (Pergamon Press, UK, 1962).
r i
391. DeVries, A. E., and Rol, P. K., Vacuum 15, p. 1135, 1965.
392. Rothe, E. W., J. Vacuum Sci. Tech. 1, p. 66, 1964.
393. Utterbark, N. G., and Griffith, T., Rev. Sci. Instr. 37, p. 866, 106.
394. Bromberg, J. P., A Vacuum Sci.. Tech. 6, p. 801, 1969.
395. Kachinskii, V. N., Instr. Exp. Tech. 5, p. 979, 1962.
396. Clarke, J., Phil. Mag. 13, p. 115, 1966.
397. McWane, .1. W., Neighbor, A E., and Netibower, R. S., Rev. Sci. Instr. 37,
p. 1602, 1966.
n_wz
398. Ries, R. P., and Satterthwaite, C. B., Rev. Sci. Instr. 38,, p. 1203,
1967.
399. Erdman, R. J., J. Appl. Phys. 40, p. 2086, 1969.
400. Zych, D. A., Rev. Sci. Instr. 39, p. 1508, 1968.
401. Jericho, M. H., and March, R. H., Rev. Sci. Instr. 38, p. 428, 1967.
402. Foiles, C. L., Rev. Sci. Instr. 38, p. 731, 1967.
403. Clark, A. E., and Fickett, F. R., Rev. Sci. Instr. 40, p. 465, 1969.
404. Biard, J. R., Proc. IEEE 51, p. 298, 1963.
405. Knott, K. F., Elect. Lett. 3, p. 512, 1967, and 4, p. 92, 1968.
406. Faulkner, E. A., Elect. Lett. 2, p. 426, 1966.
407. Faulkner, E. A., Radio and Elect. Eng. 36, p. 17, 1968.
408. Rubin, L. G., Memorandum on 'Noise Performance of Various Amplifiers',
MIT Francis Bitter National Magnet Laboratory, 1969.
409. Conference on 'Physical Aspects of Noise in Electronic Devices', 1969.
410. Rhinehart, W. A., and Mourlam, L., Electronics 38, p. 88, 1965.
411. Dail, H. W., and Knapp, G. S., Rev. Sci. Instr. 40, p. 1086, 1969.
412. Daneman, H. L., and Mergner, G. C., Leeds and Northrup Tech. Pub. A1.2101,
1968.
413. Diamond, J., IEEE Trans. Instr. Meas. IM-12, p. 26, 1963.
414. Williams, A. J., and Mergner, G. C., IEEE Trans. Instr. Meas. IM-15,
p. 121, 1966.
415. Bykov, M. A., Meas. Tech. 2, p. 156, 1965.
416. Dekker, H., and Mosselman, C., Rev. Sci. Instr. 37, p. 1297, 1966.
417. Thulin, A., J. Sci. Instr. 2, p. 629, 1969,
418. Shirk, W. H., and Pistoll, R. F., Advances in Metrology 5; Proc. 5th
ISA Test Meas. Symposium, New York, Paper 6-20, 1968.
419. Daneman, H. L., Proc. 5th ISA Test Meas. Symposium, Paper 6-22.
420. Roberts, M. L., Proc. 5th ISA Test Meas. Symposium, Paper 6-21.
D-24
a
421. Rubin,	 L. G., Keithley Eng. Notes 17, No. 	 3, p. 4,	 1969.
422. Smead,	 D.	 E., Elec.	 Instr.	 Digest 37,	 1966.
423. Johnston, J. S., and Charman, J.,	 Instr. Contr. Syst.	 39,	 p. 117,	 1966.
424. Diamond, J.	 M., J.	 Sci.	 Inst.	 43, p.	 576,	 1966.
t
'
I
425. Hill, J. J., and huller,	 A.	 P.,	 Proc.	 IEE 110, p.	 453,	 1963.
426. Foord, T.	 R.,	 Langlands, R. C., and Binnie, A. J.,	 Proc.	 IEE 110,	 p.	 1693,
1963.
^I
427. Hill,	 J.	 J.,	 IEEE Trans.	 Instr.	 Meas.	 IM-13,	 p. 239,	 1964.
"J 428. Hill, J. J.,	 ISA Transactions 7,	 p.	 101,	 1968.
429. Wol£endale,	 P.	 C.	 F.,	 and Firth,	 I.	 M.,	 Proc.	 ICEC --2,	 p.	 218, 1967.
430. Wolfendale,	 P.	 C.	 F.,	 J.	 Sci.	 Instr.	 2,	 p.	 659, 1969.
431. Dauphinee, T. M., Temperature, Its Measurement and Control in Science
and Industry 3,	 pt.	 1,	 p.	 269,	 1962.
432. Stansbury, E.	 E.,	 Nauman,	 E.	 B., and Brooks, C. R.,	 Rev.	 Sci. Instr.	 36,
p.	 480,	 1963.
{ 433. Saunders,	 C.	 .J.,	 Rev.	 Sci.	 Instr.	 36,	 p.	 1452, 1963.
434. Soonpaa, H.	 H., Motchenbacher, C.	 D.,	 and Pahl, H.,	 Rev.	 Sci. Instr.	 36,
p.	 1341,
	 1963.
-' 435. Connolly, J.	 1.,	 Roach	 W.	 R,	 and Sarwinski	 R.	 .J.	 Rev.	 Sci. Instr.	 36,
p.	 1370,
	
1965.
436. Kreitman,	 M.,	 Rev.	 Sci.	 Instr.	 40,	 p.	 I562,	 1969.
t 437. Anderson, A.	 C.,	 Rauch, R.	 B., and Kreitman, M. M.,	 Rev.	 Sci. Instr.,
(Forthcoming).
I
438. Renner, H., Cryogenics 9,	 p.	 283,	 1969.
i
